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ABSTRACT
A n e w  s e m i - c o m p u t e r  a i d e d  t e s t i n g  p r o c e d u r e  w a s  
d e s i g n e d  a n d  i m p l e m e n t e d  t o  d e t e r m i n e  l o w  s h e a r  s t r a i n  
p r o p e r t i e s  o f  s o f t  s a t u r a t e d  c l a y s .  C o m p o n e n t s  o f  t h e  t e s t  
s e t - u p  w e r e  a  t r i a x i a l  v a n e  d e v i c e ,  d a t a  a c q u i s i t i o n  u n i t s  
t o  d e t e c t  s m a l l  s t r a i n  a m p l i t u d e s ,  a n d  a  m i c r o c o m p u t e r .  
R e a l - t i m e  d a t a  a c q u i s i t i o n  a n d  i n t e r a c t i v e  c o m p u t e r  g r a p h i c s  
w e r e  u t i l i z e d  t o  c o l l e c t  a n d  a n a l y z e  d a t a .  The  a v e r a g e  r a n g e  
o f  e l e c t r o n i c a l l y  m e a s u r e d  s t r a i n  a m p l i t u d e  was  f r o m  10 
t o  1%. A p p r o x i m a t e l y  1 5 0 0  d a t a  p o i n t s  w e r e  t a k e n  i n  t h i s  
r a n g e .  T e s t i n g  c o u l d  b e  e x t e n d e d  t o  d e t e r m i n e  u n d r a i n e d  
s h e a r  s t r e n g t h  o f  t h e  s p e c i m e n s ,  o c c u r i n g  b e t w e e n  10% t o  20% 
o f  s h e a r  s t r a i n  a m p l i t u d e ,  and  b e y o n d  f o r  r e s i d u a l  s t r e n g t h  
m e a s u r e m e n t s .
U s i n g  d u p l i c a t e  s p e c i m e n s ,  s h e a r  m o d u l i  r e d u c t i o n  
c u r v e s  w e r e  o b t a i n e d  t h r o u g h  r e s o n a n t  c o l u m n  t e s t i n g  a n d  t h e  
new t r i a x i a l  v a n e  s h e a r  t e s t i n g  p r o c e d u r e  a n d  t h e y  w e r e  
c o m p a r e d .  T h e  d y n a m i c a l l y  d e t e r m i n e d  l o w  s t r a i n  s h e a r  
s t r e s s - s t r a i n  b e h a v i o u r  w a s  f o u n d  t o  b e  s u b s t a n t i a l l y  
i n f l u e n c e d  d u e  t o  c y c l i c  d e g r a d a t i o n  f o r  t h e  s o f t  s a t u r a t e d  
c l a y  s p e c i m e n s .  W h e r e a s ,  s t a t i c  t e s t i n g  u s i n g  t h e  new 
p r o c e d u r e  r e s u l t e d  i n  a c q u i s i t i o n  o f  b e t t e r  q u a l i t y  a n d  more  
r e a l i s t i c  l o w  s h e a r  s t r a i n  d a t a  f o r  t h e s e  t y p e s  o f  s o i l s .  
F o r  n o r m a l l y  c o n s o l i d a t e d  s p e c i m e n s ,  G m a x - s t a t i c / S u  was  
f o u n d  t o  b e  1 1 2 ,  a n d  G m a x - s t a t i c / G m a x - d y n a m i c  was  0 .8 5  .
XV1
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CHAPTER 1 
INTRODUCTION
S c i e n c e  o f  s o l i d  m a t e r i a l s  had  a l r e a d y  e x i s t e d  a l o n g  
t i m e  when p r i n c i p l e s  o f  s o i l  m e c h a n i c s  w e r e  d e v e l o p e d  w i t h  
t h e  n e e d  o f  s o l v i n g  e n g i n e e r i n g  p r o b l e m s .  T h e  e x i s t i n g  
t h e o r i e s  r e g a r d i n g  f a i l u r e  a n d  d e f o r m a t i o n  w e r e  a d o p t e d  and  
a p p l i e d  t o  s o i l s  w i t h o u t  r i g o r o u s  a n a l y s i s  o f  t h e i r  
v a l i d i t y .  A m a j o r  o b s t a c l e  t o  c o n f i r m a t i o n  w a s  l a c k  o f  
a d e q u a t e  t e s t i n g  e q u i p m e n t  a n d  e x p e r i m e n t a l  m e t h o d s .  W i t h  
t h e  a d v e n t  o f  f a s t  c o m p u t i n g  t e c h n i q u e s  an d  d e v e l o p m e n t  o f  
new e l a s t o - p l a s t i c  m o d e l s  ( 2 1 , 3 8 , 4 0 , 5 7 , 6 2 , 6 3 , 6 5 )  t h a t  a r e  
f o r m u l a t e d  o n  t h e  g r o u n d s  o f  p l a s t i c i t y  t h e o r y ,  s o i l  
b e h a v i o u r  c o u l d  b e  s i m u l a t e d  m ore  r e a l i s t i c a l l y .  H o w e v e r ,  
t h e  e x p e r i m e n t a l  m e t h o d s  t o  e s t i m a t e  s o i l  p r o p e r t i e s  f o r  u s e  
i n  a n a l y t i c  t e c h n i q u e s  h a v e  n o t  r e a c h e d  t o  t h e  l e v e l  o f  
s o p h i s t i c a t i o n  o f  t h e s e  m o d e l s  an d  c o m p u t a t i o n a l  a b i l i t i e s .  
T h e r e  e x i s t s  a n  a c c u m u l a t i o n  o f  v a s t  a m o u n t  o f  i n f o r m a t i o n  
a n d  d a t a  b o t h  f r o m  l a b o r a t o r y  a n d  f i e l d  i n v e s t i g a t i o n s .  A 
s i g n i f i c a n t  p e r c e n t  o f  t h i s  d a t a  l a c k s  c o n s i s t e n c y ,  
s u f f i c i e n t  q u a l i t y  a n d / o r  s c o p e  ( 3 7 , 7 3 ) .  U n c e r t a i n t y  i n  t h e  
d a t a  i s  t h e  r e s u l t  o f  v a r i o u s  f a c t o r s ,  s o m e  o f  w h i c h  a r e  
c o m p l i a n c e  o f  e q u i p m e n t ,  c o m p a t i b i l i t y  o f  t e s t i n g  
p r o c e d u r e s ,  a b i l i t y  t o  s i m u l a t e  i n - s i t u  c o n d i t i o n s ,  an d  t h e  
i n t e r p r e t a t i o n  o f  b e h a v i o u r  b e y o n d  l i m i t s  o f  t e s t  d a t a .  
P r a c t i c a l  a n d  e c o n o m i c a l  l i m i t a t i o n s  r e q u i r e  few  l a b o r a t o r y  
t e s t s  y i e l d  m ax im um  a m o u n t  o f  i n f o r m a t i o n .  T h e  n e e d  f o r
1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2s e c u r i t y  when c o u p l e d  w i t h  t h e  a l r e a d y  e x i s t i n g  u n c e r t a i n t y  
o f  l a b o r a t o r y  a n d  f i e l d  d a t a ,  p r o m o t e s  t h e  u s e  o f  
t h e o r e t i c a l  m o d e l s  t h a t  e s t i m a t e  s o i l  b e h a v i o u r  w i t h  s o m e  
d e g r e e  o f  c o n s e r v a t i s m .  T h i s  m a t t e r  b r i n g s  t h e  i n v e s t i g a t o r s  
b a c k  t o  w h e r e  t h e y  h a v e  s t a r t e d  f r o m ,  w h i c h  i s  
a c k n o w l e d g e i n g  t h e  n e e d  t o  u n d e r s t a n d  t h e  m e c h a n i c s  o f  a  
p a r t i c u l a r  s o i l  w i t h  r e s p e c t  t o  v a r i o u s  f a c t o r s ,  a n d  o b t a i n  
r e a l i s t i c . d a t a  t o  u s e  i n  t h e  m o d e l .  The  s t u d y  r e p o r t e d  h e r e  
a d d r e s s e s  t h i s  n e e d  i n  o n e  o f  t h e  a r e a s  o f  s o i l  m e c h a n i c s  
w h e r e  u n c e r t a i n t y  o f  d a t a  i s  s i g n i f i c a n t .  T h e  m a i n  
o b j e c t i v e  o f  t h e  s t u d y  i s  t o  i n v e s t i g a t e  s o m e  p r o b l e m s  
a s s o c i a t e d  w i t h  a c q u i r i n g  lo w  s t r a i n  d a t a  o f  s o f t  s a t u r a t e d  
c l a y s  an d  p r o p o s e  a  new t e c h n i q u e  t o  o b t a i n  m ore  r e a l i s t i c  
i n f o r m a t i o n  a b o u t  t h e s e  t y p e s  o f  s o i l s .
T h e  v a r i e t y  i n  t h e  n a t u r e  o f  f a i l u r e  f o r  s o i l s  m a k e s  i t  
i m p e r a t i v e  f i r s t  t o  i d e n t i f y  d e p o s i t i o n a l  c h a r a c t e r i s t i c s  
an d  s t a t e  v a r i a b l e s  i n  o r d e r  t o  l e a r n  why t h e  s o i l  b e h a v e s  
i n  t ) \ e  s p e c i f i c  m a n n e r  i t  d o e s .  D e p o s i t i o n a l  
c h a r a c t e r i s t i c s  c o n s i s t  o f  f a b r i c ,  m i n e r o l o g i c a l  a n d  p o r e  
f l u i d  p a r a m e t e r s .  S t a t e  v a r i a b l e s  a r e  s t r e s s ,  s t r a i n ,  t i m e  
a n d  t e m p e r a t u r e .  T h i s  i n v e s t i g a t i o n  i s  b a s i c a l l y  c o n c e r n e d  
w i t h  t h e  f i r s t  two s t a t e  v a r i a b l e s ,  s t r e s s  an d  s t r a i n .
S o f t  g r o u n d s  a r e  n o  l o n g e r  s t r i c t l y  a v o i d e d  f o r  
b u i l d i n g  s i t e s ,  b u t  t a k e n  i n t o  c o n s i d e r a t i o n  a s  l o n g  a s  
p r o p e r  d e s i g n  p r o c e d u r e s  a r e  f o r m u l a t e d .  P r o b l e m s  a s s o c i a t e d  
w i t h  b u i l d i n g  on  s o f t  d e p o s i t s  an d  on u n s t a b l e  g r o u n d s  i n  
o f f s h o r e  e n v i r o n m e n t  h a v e  a l r e a d y  b e e n  i n v e s t i g a t e d
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3e x t e n s i v e l y  ( 8 , 9 , 4  5 , 5 0 , 5 9 , 6 1 , 6 4 , 6 9 , 7 5 , 7 7 , 8 0 ) .  S o f t  c l a y s  
a r e  h i g h l y  n o n l i n e a r  i n  s t r e s s - s t r a i n  b e h a v i o u r ,  a n d  y i e l d  
o v e r  a  c o n s i d e r a b l e  s t r a i n  r a n g e .  From a n  e n g i n e e r i n g  p o i n t  
o f  v i e w ,  f a i l u r e  c o n d i t i o n  i s  p r e f e r a b l y  d e f i n e d  i n  t e r m s  o f  
d e f o r m a t i o n  o r  b e  r e l a t e d  t o  d e f o r m a t i o n .  A l t h o u g h  a c t u a l  
f a i l u r e  t a k e s  p l a c e  a t  h i g h  s t r a i n  l e v e l s  (10% -  20%) f o r  
t h e s e  s o f t  s o i l s ,  i t  i s  b e c o m i n g  i n c r e a s i n g l y  common t o  
e v a l u a t e  s t r e s s - s t r a i n  r e l a t i o n  a t  m u c h  l o w e r  s t r a i n  
a m p l i t u d e s  d u e  t o  t h e  n o n l i n e a r  n a t u r e  o f  t h e  b e h a v i o u r  
( 7 8 ) .  I n  o r d e r  t o  t e s t  a n d  e v a l u a t e  s t r e s s - s t r a i n  b e h a v i o u r  
b e l o w  a  c e r t a i n  s t r a i n  a m p l i t u d e ,  d y n a m i c  t e s t i n g  e q u i p m e n t  
a n d  c y c l i c  l o a d i n g  p r i n c i p l e s  a n d  f o r m u l a t i o n s  a r e  t o  b e  
a d o p t e d .  O t h e r w i s e ,  a n a l y t i c a l  e s t i m a t i o n  p r o c e d u r e s  ( 4 1 ) ,  
o r  e m p i r i c a l  r e l a t i o n s  (28) m u s t  b e  u t i l i z e d  t o  a s s e s s  low  
s t r a i n  p a r a m e t e r s  a n d  m o d e l  t h e  b e h a v i o u r .  T h e r e f o r e ,  t h e  
i n v e s t i g a t o r  c o n d u c t s  tw o  s e p a r a t e  t e s t s  a n d / o r  u s e s  a n  
a n a l y t i c a l  p r o c e d u r e  t o  u n d e r s t a n d  t h e  n o n l i n e a r  s t r e s s -  
s t r a i n  b e h a v i o u r  o f  t h e s e  s o f t  s o i l s  o v e r  a n  i n c r e a s e d  
s c o p e  o f  d a t a .  T h i s  c e r t a i n l y  a c c o m p l i s h e s  e x p a n s i o n  o f  d a t a  
r a n g e  h o w e v e r  a t  t h e  e x p e n s e  o f  i n t r o d u c i n g  new u n c e r t a i n t y  
t o  t h e  d a t a  w i t h  a s s u m p t i o n s  a n d / o r  e s t i m a t i o n s .  I n  
a d d i t i o n ,  s m a l l  v a r i a t i o n s  i n  t h e  e s t i m a t e d  v a l u e s  o f  t h e  
p a r a m e t e r s  o r  s h a p e  o f  d a t a  c u r v e s  may  c h a n g e  c o m p u t e d  
r e s u l t s  i n  a n a l y t i c a l  m o d e l  a s  much a s  b y  f a c t o r  o f  2 (4 3 ) .  
T h i s  i s  a  s e r i o u s  c o n s e q u e n c e ,  b e c a u s e  i t  i s  t h e  a c c u r a c y  o f  
t h e  t o t a l  a n a l y s i s  a n d  n o t  t h e  u n c e r t a i n t y  t h a t  i s  o f  m a j o r
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4c o n c e r n .
T h i s  i n v e s t i g a t i o n  r e p o r t e d  h e r e  i s  a i m e d  t o  f o c u s  on  
i m p r o v i n g  a b i l i t y  t o  d i r e c t l y  o b t a i n  s h e a r  s t r e s s - s t r a i n  
r e l a t i o n  d a t a  f o r  s o f t  c l a y  s o i l s  a t  l o w  s h e a r  s t r a i n  
a m p l i t u d e s  t h r o u g h  s t a t i c  t e s t i n g .  R e l a t e d  a r e a s  o f  
i n v e s t i g a t i o n  a r e :
1) E x p a n d i n g  s c o p e  o f  d a t a  c o l l e c t i o n  f r o m  lo w  s t r a i n s  
(10“ * %) t o  f a i l u r e  s t r a i n s  (20 %) w i t h i n  same t e s t i n g ,
2)  C o m p a r e  l o w  s t r a i n  s t a t i c  a n d  d y n a m i c  b e h a v i o u r  o f  
s o f t  c l a y s  a n d  i d e n t i f y  p a r a m e t e r s  a p p l i c a b l e  i n  n u m e r i c a l  
m o d e l i n g ,
3 )  E f f e c t  o f  s t r e s s - h i s t o r y ,  a n d  e x i s t i n g  e x c e s s  p o r e  
w a t e r  p r e s s u r e s  s i m u l a t e d  a s  i n  f a s t  d e p o s i t e d  s o f t  m a r i n e  
c l a y s ,
4)  P r e d i c t i o n  o f  a  r e a l i s t i c  maximum s h e a r  m o d u l u s ,  
Gmax, o f  m o n o t o n i c  s o f t  c l a y  b e h a v i o u r ,
5)  C o m p a r i s o n  o f  s h e a r  m o d u l i  a n d  s h a p e  o f  s h e a r  
s t r e s s - s t r a i n  c u r v e s  p e r t a i n i n g  t o  d y n a m i c  a n d  m o n o t o n i c  
( s t a t i c )  l o a d i n g ,
6)  P r e d i c t i o n  o f  a  r e a l i s t i c  G m a x / S u  (Su  = u n d r a i n e d  
s h e a r  s t r e n g t h )  r a t i o  w h i c h  i s  f r e q u e n t l y  u s e d  i n  s o f t  c l a y  
a n a l y s i s ,
7) G a i n  some i n s i g h t  i n t o  l a b o r a t o r y  v a n e  s h e a r  t e s t i n g  
o f  s o f t  c l a y s  w i t h  t h e  new t e s t i n g  m e t h o d .
I t  i s  v e r y  i m p o r t a n t  f o r  a n  i n d i v i d u a l  i n v e s t i g a t o r  t o  
i d e n t i f y  s o i l  s t a t e  p a r a m e t e r s  a n d  l o a d i n g  c o n d i t i o n s  b e f o r e
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5c h o o s i n g  a t e s t i n g  t e c h n i q u e  o r  a n  e m p i r i c a l  p r o c e d u r e  t o  
p r e d i c t  s o i l  p a r a m e t e r s  t o  u s e  i n  n u m e r i c a l  m o d e l s  w hen  
w o r k i n g  w i t h  s o f t  s o i l s .  As t h e  n o n l i n e a r i t y  o f  t h e  m a t e r i a l  
i n c r e a s e s ,  s m a l l  v a r i a t i o n s  i n  p a r a m e t e r s  w i l l  i n t r o d u c e  
l a r g e  d e v i a t i o n s  o f  t h e  e n d  d e s i g n  f r o m  o p t i m u m .  I n  t h e  
s t u d y  r e p o r t e d  h e r e ,  a  r e s o n a n t  c o l u m n  d e v i c e  w as  u t i l i z e d  
f o r  d y n a m i c  t e s t i n g  a n d  a m o d i f i e d  t r i a x i a l  l a b o r a t o r y  v a n e  
d e v i c e  w ^ s  u s e d  f o r  s t a t i c  t e s t i n g .  B a s i c  c o m p a t i b i l i t y  
c r i t e r i a  w e r e  s a t i s f i e d  e i t h e r  b y  i n h e r e n t  o p e r a t i o n  p r o c e s s  
o f  e a c h  d e v i c e  ( s t r e s s - c o n t r o l l e d  t e s t i n g ,  s i m i l a r  s t r a i n  
r a t e  e f f e c t s ) ,  o r  m a k i n g  t h e  n e c e s s a r y  o p e r a t i o n a l  
m o d i f i c a t i o n s  ( s i m i l a r  s t r a i n  a m p l i t u d e  r a n g e s ,  t r i a x i a l  
c o n f i n e m e n t ,  d r a i n a g e  a n d  c o n s o l i d a t i o n ) .  D u p l i c a t e  
s p e c i m e n s  t r i m m e d  f r o m  a r t i f i c i a l l y  p r e p a r e d  G e o r g i a  
k a o l i n i t e  s a m p l e s  w e r e  u s e d  i n  e a c h  d e v i c e  t o  o b t a i n  
c o m p a r a t i v e  d a t a .
The s i g n i f i c a n c e  an d  o r i g i n a l i t y  o f  t h i s  s t u d y  l i e s  i n  
t h e  f a c t  t h a t  t h e  a b i l i t y  t o  o b t a i n  g o o d  q u a l i t y  a n d  
r e p e a t a b l e  d a t a  o v e r  a  l a r g e  r a n g e  o f  s t r a i n  a m p l i t u d e  was 
i m p r o v e d  u s i n g  a  new  t e s t i n g  m e t h o d  a n d  d a t a  a c q u i s i t i o n  
t e c h n i q u e .  A " s e m i - c o m p u t e r  a i d e d "  e x p e r i m e n t  was  d e s i g n e d  
an d  i m p l e m e n t e d .  B o t h  t h e  m o d i f i e d  t e s t i n g  e q u i p m e n t ,  n a m e l y  
t r i a x i a l  v a n e ,  a n d  t h e  u n i q u e  d a t a  a c q u i s i t i o n  t e c h n i q u e  
p o s s e s s  h i g h  p o t e n t i a l  f o r  u s e  i n  f u r t h e r  r e s e a r c h  i n  a 
v a r i e t y  o f  s o i l  i n v e s t i g a t i o n s .  T h e  c u r r e n t  s e t - u p  c a n  
e a s i l y  b e  m o d i f i e d  f o r  s p e c i f i c  n e e d s  o f  d i f f e r e n t  t e s t s .  
T he  r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y  a r e  t h e  r e s u l t s  o f  a
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6p i o n e e r i n g  t e s t i n g  m e t h o d .  I n  s p i t e  o f  t h i s  f a c t ,  t h e  
s c a t t e r  a n d  u n c e r t a i n t y  i n  d a t a  o b t a i n e d  i s  c e r t a i n l y  n o t  
a n y  l a r g e r  t h a n  t h e  r e s u l t s  e n c o u n t e r e d  i n  o t h e r  l a b o r a t o r y  
o r  s i t e - i n v e s t i g a t i o n  m e t h o d s .  I n  t h i s  s e n s e ,  t h e  p r o p o s e d  
m e t h o d  m ay  n o t  o f f e r  i m p r o v e m e n t ,  h o w e v e r  i t  d o e s  p u t  i n  
p e r s p e c t i v e  c e r t a i n  c r i t e r i a  t o  w a t c h  f o r  w h e n  p r e d i c t i n g  
a n d  a n a l y z i n g  s o i l  b e h a v i o u r  a n d  a i d  t o  o b t a i n  d a t a  
a c c o r d i n g l y .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2 
BACKGROUND
T h i s  c h a p t e r  f o c u s e s  on  tw o  m a j o r  s u b j e c t  a r e a s  o f  
i n t e r e s t  t o  t h i s  s t u d y .  O n e  a r e a  i s  t h e  p r e v i o u s  
i n v e s t i g a t i o n s  on  c o r r e l a t i n g  d y n a m i c  a n d  s t a t i c  b e h a v i o u r  
o f  c l a y s ,  t h e  o t h e r  a r e a  i s  r e c e n t  i n v e s t i g a t i o n s  o n  v a n e  
s h e a r  t e s t i n g  a n d  i n  p a r t i c u l a r  on  t r i a x i a l  v a n e  s h e a r  
t e s t s .  D i s c u s s i o n s  on  d y n a m i c  a n d  s t a t i c  l a b o r a t o r y  t e s t i n g  
o f  s o f t  c l a y s  a r e  p r e s e n t e d  i n i t i a l l y .
2 .1  DYNAMIC TESTING OF SOFT CLAYS
T h e  common e x i s t i n g  l a b o r a t o r y  d y n a m i c  s o i l  t e s t i n g  
e q u i p m e n t  a r e  r e s o n a n t  c o l u m n  ( u s i n g  e i t h e r  s o l i d  o r  h o l l o w  
s a m p l e s ) ,  c y c l i c  t o r s i o n a l  s h e a r ,  c y c l i c  t r i a x i a l , c y c l i c  
s i m p l e  s h e a r ,  a n d  s h a k e  t a b l e .  T y p i c a l  r a n g e  o f  s h e a r  s t r a i n  
a p p l i c a t i o n  v a r y  f r o m  o n e  d e v i c e  t o  t h e  o t h e r .  A m o n g t h e  
e q u i p m e n t  c i t e d  a b o v e ,  o n l y  r e s o n a n t  c o l u m n  a n d  c y c l i c  
t o r s i o n a l  d e v i c e  a r e  c a p a b l e  o f  l o w  s h e a r  s t r a i n  
a p p l i c a t i o n s  ( < 1 0 “ ^%).
An e a r l i e r  s t u d y  c o n d u c t e d  a n d  c o - i n v e s t i g a t e d  b y  t h e  
a u t h o r  ( 5 3 , 5 4 , 5 5 )  r e v e a l e d  t h a t  d e g r a d a t i o n  o f  s h e a r  m o d u l i  
i s  a  f a c t o r  t h a t  c o m p l i c a t e s  r e s u l t s  s i g n i f i c a n t l y  i n  
d y n a m i c  t e s t i n g  o f  s o f t  o f f s h o r e  s e d i m e n t s .  D e g r a d a t i o n  
i n c r e a s e d  w i t h  i n c r e a s i n g  n u m b e r  o f  c y c l e s  o f  l o a d i n g  a t  
h i g h  s h e a r  s t r a i n  a m p l i t u d e s  ( > 1 0 “ ^ % ) ,  a n d  d e c r e a s i n g  
e f f e c t i v e  s t r e s s  s t a t e  o f  t h e  s o i l  s p e c i m e n .  F i g .  2 .1  shows  
t h e  a c t u a l  s h e a r  m o d u l i  v s  s h e a r  s t r a i n  d a t a  s u p e r i m p o s e d  on
7
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F i g .  2 . 1  D e g r a d e d  B a c k b o n e  C u r v e s  w i t h  A c t u a l  y  v s  t  D a t a  
P o i n t s  a n d  F i t t e d  H y p e r b o l i c  C u r v e  [ r e p r o d u c e d  
f ro m  Pamukcu an d  S u h a y d a  (55) ]
t h e  a n a l y t i c a l  c u r v e s  i l l u s t r a t i n g  t h e  d e g r a d a t i o n  o f
i n i t i a l  s h e a r  s t r e s s - s t r a i n  c u r v e  f o r  e a c h  m e a s u r e m e n t .
T h e s e  d a t a  w e r e  o b t a i n e d  u s i n g  a r e s o n a n t  c o l u m n  d e v i c e  i n
w h i c h  v e r y  l o w  a m p l i t u d e s  o f  s t r a i n  c a n  b e  m e a s u r e d .  A
h y p e r b o l i c  c u r v e  was  f i t  t o  t h e  d a t a  i n  o r d e r  t o  i n t e r p o l a t e
a  maximum v a l u e  o f  s h e a r  m o d u l u s  a t  1 0 ~ 4 % s h e a r  s t r a i n
a m p l i t u d e  a t  w h i c h  G i s  c o n s i d e r e d  t o  n o  l o n g e r  v a r y  w i t h
s h e a r  s t r a i n  (2 8 ) .  H o w e v e r ,  a t  t y p i c a l l y  a p p l i e d  lo w  s t r e s s
l e v e l s  t h e  s p e c i m e n  w o u l d  e x h i b i t  h i g h  s t r a i n s  (> 10“ 2 %),
p r o m o t i n g  d e g r a d a t i o n  a n d  s u b s e q u e n t l y  c o m p l i c a t i n g  t h e
e s t i m a t i o n  o f  a  r e a l i s t i c  maximum s h e a r  m o d u l u s .  D e g r a d a t i o n
p r o b l e m  h a v e  l o n g  b e e n  r e c o g n i z e d  a n d  i n v e s t i g a t e d  f o r  s o f t
c l a y s  ( 3 0 ) ,  h o w e v e r  t h e  s i g n i f i c a n t  e f f e c t  i t  h a s  o n
p r e d i c t i n g  Gmax a n d  t h e  s h a p e  o f  b a c k b o n e  c u r v e  f o r  t h e
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9s o f t  o f f s h o r e  c l a y s  h a s  n o t  b e e n  d o c u m e n t e d  w e l l .  
P r o g r e s s i v e  p o r e  p r e s s u r e  i n c r e a s e  (d y n a m ic  p o r e  p r e s s u r e )  
d u r i n g  d y n a m i c  t e s t i n g  b e c o m e s  m o r e  p r o n o u n c e d  a t  h i g h  
c y c l i c  s t r a i n  ( 2 2 ) ,  w h i c h  i n  t u r n  p r o m o t e s  r e d u c t i o n  o f  
s h e a r  m o d u l i  b y  d e c r e a s i n g  t h e  e f f e c t i v e  s t r e s s .  S t r e s s  
r e v e r s a l  a n d  b r e a k  dow n o f  i n h e r e n t  s o i l  s t r u c t u r e  d u r i n g  
c y c l i c  l o a d i n g  c o n t r i b u t e  t o  d e g r a d a t i o n  o f  s h e a r  m o d u l i  
a l s o  ( 3 3 , 6 7 ) .  C o n s i d e r i n g  t h e  f a c t o r s  d i s c u s s e d  a b o v e ,  i t  
i s  i m p e r a t i v e  t o  e v a l u a t e  t h e  d y n a m i c  t e s t  d a t a  o f  s o f t  
o f f s h o r e  c l a y s  v e r y  c a r e f u l l y  i n  o r d e r  t o  p r e d i c t  r e a l i s t i c  
p a r a m e t e r s  a n d  s t r e s s - s t r a i n  c u r v e  s h a p e s .  D ynamic  t e s t i n g  
p r o c e d u r e s  a r e  g e n e r a l l y  u s e d  t o  p r e d i c t  d y n a m i c  p a r a m e t e r s ,  
Gmax a n d  t h e  d a m p in g  r a t i o .  The d a t a  o b t a i n e d  t h r o u g h  t h e s e  
t e s t s  a r e  u t i l i z e d  i n  d e s i g n s  f o r  d y n a m i c  l o a d i n g ,  s u c h  a s  
e a r t h q u a k e ,  m a c h i n e  v i b r a t i o n ,  b l a s t i n g ,  o r  w a v e  l o a d i n g .  
Maximum s h e a r  m o d u l u s  i s  a s s u m e d  t o  b e  u n i q u e  f o r  b o t h  
d y n a m i c  a n d  s t a t i c  s h e a r  s t r e s s - s t r a i n  c u r v e s  b e c a u s e  t h e  
f i r s t  - c y c l e  d y n a m i c  c u r v e  ( b a c k b o n e  c u r v e )  i s  a s s u m e d  t o  
c o i n c i d e  w i t h  t h e  s t a t i c  ( m o n o t o n i c  l o a d )  c u r v e  u p  t o  t h e  
v a l u e  o f  t h e  c y c l i c  s t r e s s  a p p l i e d  ( 2 8 , 2 9 ) .  T h i s  i s  a v a l i d  
a s s u m p t i o n  f o r  m o s t  t y p e s  o f  s o i l s .  H o w e v e r ,  when s o f t  s o i l s  
b e a r i n g  e x c e s s  p o r e  p r e s s u r e s  a r e  c o n s i d e r e d ,  c a r e f u l  
e x a m i n a t i o n  o f  t h i s  a s s u m p t i o n  i s  n e e d e d  d u e  t o  t h e  t e s t i n g  
a n d  s u b s e q u e n t  d a t a  i n t e r p r e t a t i o n  d i f f i c u l t i e s  d i s c u s s e d  
a b o v e .  M o r e o v e r ,  t h e  h i g h l y  n o n l i n e a r  n a t u r e  o f  t h e s e  s o i l s  
i s  a  s i g n i f i c a n t  f a c t o r  w h i c h  m a k e s  i t  m o r e  d i f f i c u l t  t o  
v a l i d a t e  t h e  e x i s t e n c e  o f  an  e l a s t i c  r e g i o n  on s h e a r  s t r e s s -
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s t r a i n  c u r v e ,  an d  t h e  a s s u m p t i o n  t h a t  l o a d i n g  r a t e  w i l l  h a v e  
no  o r  m i n i m a l  e f f e c t .
2 . 2  STATIC SHEAR TESTING OF SOFT CLAYS
The  common l a b o r a t o r y  s o i l  s h e a r  t e s t i n g  e q u i p m e n t  a r e  
t r a n s l a t o r y  d i r e c t  s h e a r ,  t o r s i o n a l  d i r e c t  s h e a r ,  s i m p l e  
s h e a r ,  a n d  t r i a x i a l  u s i n g  s o l i d ,  p r i s m a t i c  o r  h o l l o w  
s p e c i m e n s .  A l l  o f  t h e s e  d e v i c e s  o p e r a t e  a b o v e  s t r a i n  
a m p l i t u d e  o f  1 0 “ ^%. I n  t r a n s l a t o r y  a n d  t o r s i o n a l  d i r e c t  
s h e a r ,  a n d  s i m p l e  s h e a r ,  o n l y  Ko c o n s o l i d a t i o n  c a n  b e  
a c h e i v e d  w h i l e  i n  t t i a x i a l ,  i s o t r o p i c  a n d  a n i s o t r o p i c  
c o n s o l i d a t i o n  a r e  p o s s i b l e  a l s o .  I n  d i r e c t  a n d  s i m p l e  s h e a r  
t e s t s ,  n o r m a l  a n d  s h e a r  s t r e s s e s  a n d  s t r a i n s  a r e  o b t a i n e d  
f r o m  m e a s u r e d  o r  a p p l i e d  a x i a l  a n d  t a n g e n t i a l  f o r c e s .  I n  
t r i a x i a l  t e s t s  ( u s i n g  s o l i d  s p e c i m e n s )  o n l y  t h e  n o r m a l  
s t r e s s e s  an d  s t r a i n s  a r e  m e a s u r e d  an d  s h e a r  c o m p o n e n t s  a r e  
c a l c u l a t e d  b a s e d  on  v a r i o u s  a s s u m p t i o n s .
An i n - s i t u  i n s t r u m e n t  w h i c h  i s  w i d e l y  u s e d  t o  m e a s u r e  
u n d r a i n e d  s h e a r  s t r e n g t h  o f  s a t u r a t e d  s o f t  c l a y  b e d s  i s  t h e  
v a n e  s h e a r  d e v i c e  ( 1 , 4 2 , 4 6 , 6 6 ) .  L a b o r a t o r y  v a n e  s h e a r  
d e v i c e  i s  a l s o  u s e d  f r e q u e n t l y  o n  s o f t  s a t u r a t e d  s o i l  
s a m p l e s  w i t h o u t  e x t r a c t i n g  o r  t r i m m i n g  t h e  s a m p l e s  
r e t r i e v e d .  T h e  a p p a r e n t  a d v a n t a g e  i s  a v o i d i n g  s a m p l e  
d i s t u r b a n c e  i n d u c e d  b y  s p e c i m e n  p r e p a r a t i o n .  O v e r  t h e  y e a r s ,  
m a n y  i n v e s t i g a t o r s  h a v e  f o c u s e d  o n  a n a l y z i n g  v a n e  s h e a r  
m e c h a n i s m  b a s e d  o n  e x p e r i m e n t a l  d a t a ,  a n d  d e t e r m i n i n g  t h e  
f a c t o r s  i n f l u e n c i n g  t h e  d a t a  ( 1 , 4 , 7 , 1 4 , 1 7 , 2 5 , 3 6 , 4 2 , 4 7 , 4 9 , 6 0 ,
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6 6 , 7 0 , 7 9 , 8 1 ) .  O t h e r  i n v e s t i g a t o r s  c o m p a r e d  l a b o r a t o r y  a n d
f i e l d  t e s t s  ( 2 0 , 2 3 , 3 5 , 7 1 , 7 2 )  a c c u m u l a t i n g  a  b a n k  o f  d a t a .
/
C o n c e r n s  i n  r e l a t i o n  t o  o v e r  p r e d i c t i o n  o f  Su i n  s o i l s  w i t h  
h i g h  p l a s t i c i t y  ( 7 , 1 2 ) ,  d i s t u r b a n c e  e f f e c t s  d u e  t o  i n s e r t i o n  
o f  v a n e  ( 7 , 3 6 ) ,  p o r e  p r e s s u r e  d i s t r i b u t i o n  a n d  a s s e s s m e n t  o f  
e f f e c t i v e  s t r e s s  s t a t e  on  v a n e  s h e a r  p l a n e  ( 3 6 , 4 4 , 6 6 , 7 1 , 8 2 )  
h a v e  b e e n  i n v e s t i g a t e d .  S t u d i e s  i n d i c a t e  t h a t  t h e r e  i s  
c o n f i r m a t i o n  b e t w e e n  u n c o n f i n e d  c o m p r e s s i o n  d a t a  a n d  
l a b o r a t o r y  v a n e  s h e a r  d a t a ,  a n d  i n  c a s e  o f  s o f t  s a t u r a t e d  
c l a y s  t h e r e  i s  s o m e  c o n f i r m a t i o n  e v e n  w i t h  u n d r a i n e d  
t r i a x i a l  d a t a .  W i d e  u s e  o f  t h e  e q u i p m e n t  o v e r  t h e  y e a r s  
r e s u l t e d  i n  v a s t  a m o u n t  o f  d a t a  c o l l e c t e d  b o t h  i n  l a b  a n d  
i n - s i t u  w h i c h  i s  v a l i d a t e d  b y  o t h e r  t e s t  d a t a  i n  g e n e r a l .  
M e a n i n g f u l  s h e a r  s t r e n g t h  d a t a  f o r  s o f t  s a t u r a t e d  c l a y s  c a n  
b e  o b t a i n e d  w i t h  r e l a t i v e  e a s e  a n d  s p e e d  u s i n g  t h e  v a n e  
s h e a r  d e v i c e .  T h i s  f a v o r a b l e  c h a r a c t e r i s t i c  b r o u g h t  a b o u t  
t h e  i n t e r e s t  t o  u t i l i z e  t h e  e q u i p m e n t  f o r  a  w i d e r  r a n g e  o f  
a p p l i c a t i o n s  ( 2 6 , 7 6 ) .  I n  t h i s  s t u d y ,  v a n e  s h e a r  d e v i c e  w a s  
u t i l i z e d  i n  a n  u n c o n v e n t i o n a l  m a n n e r  a l s o ,  t h a t  i s ,  
p r e d i c t i n g  a n d  a c c e n t u a t i n g  l o w  s t r a i n  s h e a r  p a r a m e t e r s .
2 .3  IMPORTANT ASPECTS OF DYNAMIC AND STATIC PARAMETER
CORRELATIONS
D e t e r m i n i n g  d y n a m i c  p r o p e r t i e s  o f  s o i l s  e x p e r i m e n t a l l y  
c a n  b e  c o s t l y .  L a b o r a t o r y  p r o c e d u r e s  a r e  s o p h i s t i c a t e d  an d  
g e o p h y s i c a l  m e t h o d s  n o t  r e a d i l y  a v a i l a b l e .  As a  r e s u l t ,  a 
n um ber  o f  i n v e s t i g a t o r s  h a v e  w o rk e d  on c o r r e l a t i n g  s t a t i c  
p a r a m e t e r s ,  w h i c h  a r e  m o r e  e a s i l y  o b t a i n e d ,  t o  d y n a m i c
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p a r a m e t e r s  t o  e s t a b l i s h  e m p r i c a l  r e l a t i o n s ,  o r  m a t h e m a t i c a l  
m o d e l s  ( 5 , 1 8 , 2 6 , 2 7 , 3 4 , 5 6 , 5 8 , 7 4 , 7 6 ) .
A p o p u l a r  a p p r o a c h  t o  c o r r e l a t i o n  i s  d e t e r m i n i n g  
Gmax/Su r a t i o  ( 3 , 6 , 1 8 , 1 9 , 2 7 , 2 8 , 3 9 , 5 2 , 6 4 , 6 8 ) .  B o t h  v a r i a b l e s  
o f  t h i s  r a t i o  a r e  f u n c t i o n s  o f  v o i d  r a t i o ,  e f f e c t i v e  
c o n f i n i n g  p r e s s u r e ,  o v e r c o n s o l i d a t i o n  r a t i o ,  a n d  b o t h  
e x h i b i t  t i m e  d e p e n d e n t  v a r i a t i o n s .  H o w e v e r ,  t h e r e  i s  n o t  a 
h i g h  d e g r e e  o f  a g r e e m e n t  am ong  t h e  r e s u l t s  a s  w e l l  a s  
t e s t i n g  m e t h o d s  u s e d .  G e n e r a l l y ,  max im um  s h e a r  m o d u l i  
o b t a i n e d  f r o m  r e s o n a n t  c o l u m n  t e s t s  a r e  n o r m a l i z e d  b y  
u n d r a i n e d  s h e a r  s t r e n g t h  v a l u e s  f r o m  t r i a x i a l  t e s t s .  Some 
v a l u e s  o f  t h e  r a t i o  m e a s u r e d  u s i n g  d i f f e r e n t  m e t h o d s  a r e :
1)  H a r d i n  e t  a l .  (2 8 )  r e p o r t e d  r a t i o s  r a n g i n g  f r o m  3 8 0  
t o  1500  w i t h  a  mean v a l u e  o f  760.
2 ) W i l s o n  a n d  D i e t r i c h  (83 )  r e p o r t e d  r a t i o s  r a n g i n g  
f r o m  178 t o  5 50  w i t h  a  mean v a l u e  o f  390 .
3) D ' A p p o l o n i a  e t  a l .  (19) r e p o r t e d  r a t i o s  r a n g i n g  f ro m  
53 t o  833 w i t h  a mean v a l u e  o f  420 .
4)  H a r a  e t .  a l  (27) r e p o r t e d  r a t i o s  r a n g i n g  f r o m  250  t o  
1 4 3 0  w i t h  mean v a l u e  o f  548.
5 ) A p r e v i o u s  s t u d y  c o n d u c t e d  b y  t h e  a u t h o r  ( 5 2 )  
r e v e a l e d  r a t i o s  r a n g i n g  f r o m  1 5 0  t o  5 0 0  w i t h  m e a n  
v a l u e  250 u s i n g  o n e  s e t  o f  d a t a  a n d  r a t i o s  r a n g i n g  
f r o m  5 0 0  t o  2 5 0 0  w i t h  a  m e a n  v a l u e  o f  1 0 0 0  u s i n g  
a n o t h e r  s e t  o f  d a t a .
6 ) U s i n g  a  d i f f e r e n t  m e t h o d  o f  a p p r o a c h ,  a  s t u d y
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c o n d u c t e d  b y  S c h a p e r y  e t . a l .  ( 6 4 )  r e v e a l e d  a r a t i o  
o f  3 2 ,  f o r  m a r i n e  c l a y s .
7) C hae  e t  a l .  (18) u s e d  m a t h e m a t i c a l  r e l a t i o n s  b e t w e e n  
d e v i a t o r i c  s t r e s s  a n d  s h e a r  m o d u l u s  a n d  f o u n d  a n  
a p p r o x i m a t e  r a n g e  f o r  Gmax/Su r a t i o  o f  260  -  1200 .
T h e  s c a t t e r  i n  t h e  v a l u e s  r e p o r t e d  a b o v e  m a y  b e  d u e  t o  
v a r i o u s  f a c t o r s ,  a n  i m p o r t a n t  o n e  b e i n g  d i f f e r e n c e s  i n  
t e s t i n g  an d  d a t a  e v a l u a t i o n  p r o c e d u r e s .  T h i s  i s  i l l u s t r a t e d  
i n  F i g .  2 . 2 ,  w h i c h  sh o w s  how r e s u l t s  v a r y  s u b s t a n t i a l l y  f rom  
o n e  d e v i c e  t o  t h e  o t h e r .  M o r e o v e r ,  o t h e r  i n v e s t i g a t o r s  
r e p o r t  t h a t  t h e  s c a t t e r  i s  d u e  t o  t h e  f a c t  t h a t  G m a x / S u  i s  
n o t  a c o n s t a n t  v a l u e  b u t  s t r o n g l y  d e p e n d s  o n  
o v e r c o n s o l i d a t i o n  r a t i o ,  v o i d  r a t i o  a n d  e f f e c t i v e  c o n f i n i n g
ST (AXIAL)
HC(CL)
HC(CF)
HC (AXIAL)
SS(CL)20
SS(CF)<0C Ul< 
I  Id
SHEAR STRAIN (%), 10th Cycle
F i g .  2 . 2  N o r m a l i z e d  Dynam ic  S h e a r  M o d u l i  C o r r e s p o n d i n g  t o  
t h e  1 0 t h  C y c l e  a n d  V a r i o u s  L e v e l s  o f  S t r a i n  i n  t h e  
S t a n d a r d  T r i a x i a l  ( S T ) ,  H o i  l o w  Cy 1 i n d e r  T o r s i o n  
(HC),  a n d  S i m p l e  S h e a r  (SS) T e s t  ( C F = C o n s t a n t  
v o l u m e  o r  l e n g t h ,  C L = C o n s t a n t  F o r c e  o r  U n d r a i n e d )  
[ r e p r o d u c e d  f ro m  A d e l  S a a d a  (1 9 8 1 ) ]
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2.6
BALL CLAY (VAC-AIRE) 
•4 .0  0CR=12.4
2.2 75nO
x  2.0 
§
 ^1.8
60-s»•o
5 5  •" 
x
5 0 >o
Oo
3 5
F i g .  2 . 3  D e p e n d e n c e  o f  G0 / T . m a x , G0 /  t i % »  a n d  y r  o n  t h e  
C o n f i n i n g  P r e s s u r e  a 0 ( G0 = maximum s h e a r  m o d u l u s ,  
t  m a x = m ax im um  s h e a r  s t r e n g t h ,  T i% = s h e a r i n g  
s t r e s s  a t  1% s t r a i n ,  Yr = Tma x / Go ) [ r e p r o d u c e d  
f r o m  A t h a n a s p o u l o s  and  R i c h a r t  (5)]
2.4
BALL CLAY (VAC AIRE) 
*b=10 PSI a-1 .0V,2.2
m
X2.0 \
• o
>®
5 0
OCR
F i g .  2 . 4  D e p e n d e n c e  o f  G0 / T m a x , G0 /  x i % , a n d y r  o n  OCR 
[ r e p r o d u c e d  f r o m  A t h a n a s p o u l o s  a n a  R i c h a r t  (5)]
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F i g .  2 . 5  D ynam ic  S h e a r  M o d u l u s  v s  S t a t i c  S t r e n g t h  V a r i a t i o n  
[ r e p r o d u c e d  f r o m  C hae  e t  a l .  (18) ]
p r e s s u r e .  F i g s .  2 . 3  a n d  2 . 4  i l l u s t r a t e  t h e s e  e f f e c t s .  F i g .  
2 .5  show s  t h a t  a  s t r a i g h t  l i n e  r e l a t i o n s h i p  b e t w e e n  Gmax 
a n d  d e v i a t o r i c  s t r e s s  may n o t  b e  v a l i d  f o r  l o w e r  s t r e s s  
r a n g e s  (<10 p s i  [~70  K P a ] ) .
S h e a r  m o d u l u s  i s  a  p a r a m e t e r  t h a t  h a s  a  w i d e  r a n g e  o f  
u s e  i n  ^ n u m e r i c a l  m o d e l l i n g  t e c h n i q u e s  . I t s  s e n s i t i v i t y  w i t h  
r e s p e c t  t o  l o a d i n g  p a t t e r n s  a n d  s o m e  s t a t e  v a r i a b l e s  o f  
s o i l s  h a s  b e e n  e x a m i n e d  b y  a  number  o f  i n v e s t i g a t o r s .  I t  i s  
w e l l  e s t a b l i s h e d  t h a t  t h e  s h e a r  m o d u l u s  s t r o n g l y  v a r i e s  w i t h  
s h e a r  s t r a i n ,  n u m b e r  o f  c y c l e s  o f  l o a d i n g  a n d  c o n f i n i n g  
p r e s s u r e .  S e n s i t i v i t y  w i t h  r e s p e c t  t o  e f f e c t i v e  s t r e s s ,  
d y n a m i c  p o r e  p r e s s u r e s  a n d  s t r a i n  r a t e  e f f e c t s  a r e  m o r e  
r e c e n t  a r e a s  o f  r e s e a r c h .
A s t u d y  c o n d u c t e d  b y  D y v i k  e t  a l .  (22)  c o n c l u d e s  t h a t  
p o r e  p r e s s u r e  i s  a  b a s i c  i n d i c a t i o n  o f  t h e  l e v e l  o f
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d e g r a d a t i o n  o f  s h e a r  m o d u l u s  o f  a  s o i l  s p e c i m e n  s u b j e c t e d  t o  
c y c l i c  l o a d i n g .  F i g s .  2 . 6  a n d  2 . 7  s h o w  v a r i a t i o n  o f  c y c l i c  
s h e a r  s t r e s s  a n d  s h e a r  m o d u l u s  w i t h  d y n a m i c  p o r e p r e s s u r e  
r a t i o ,  f r o m  t e s t s  c o n d u c t e d  o n  G u l f  o f  M e x i c o  c l a y s  u s i n g  
s i m p l e  s h e a r  d e v i c e  m o d i f i e d  f o r  c y c l i c  l o a d i n g  ( 2 2 ) .  Some 
g e o t e c h n i c a l  d a t a  f o r  t h e  c l a y  u s e d  i n  t h a t  s t u d y  w e r e  g i v e n  
a s  f o l l o w s :
W a t e r  c o n t e n t  = 7 0 - 1 0 5  %, P I  = 7 5  ,  Su = 13 k P a  
The  c o n s o l i d a t e d ,  c o n s t a n t  v o l u m e  (CCV) c y c l i c  l a b o r a t o r y  
s h e a r  t e s t  u s e d  w a s  a s t r a i n - c o n t r o l l e d  t y p e  o f  t e s t  i n  
w h i c h  s t r a i n  r a t e s  d i d  n o t  a f f e c t  t h e  r e s u l t s .  P o r e  p r e s s u r e  
p r e d i c t i o n s  w e r e  made b y  c h a n g i n g  n o r m a l  s t r e s s  t o  k e e p  t h e  
h e i g h t  o f  s p e c i m e n  c o n s t a n t .  I t  was  a s s u m e d  t h a t  t h e  c h a n g e  
i n  v e r t i c a l  s t r e s s  i s  e q u a l  t o  t h e  c h a n g e  i n  p o r e  p r e s s u r e s  
t h a t  w o u l d  h a v e  o c c u r r e d  d u r i n g  a n  u n d r a i n e d  t e s t .  As s e e n  
i n  F i g .  2 . 6 ,  d y n a m i c  p o r e  p r e s s u r e s  i n c r e a s e  w i t h  i n c r e a s i n g  
c y c l i c  s h e a r  s t r a i n ,  a n d  t h e y  d e c r e a s e  w i t h  i n c r e a s i n g  
c y c l i c  s h e a r  s t r e s s .  D e g r a d a t i o n  o f  s h e a r  m o d u l u s  w i t h  
i n c r e a s i n g  d y n a m i c  p o r e  p r e s s u r e  i s  c l e a r l y  i l l u s t r a t e d  i n  
F i g .  2 . 7 .
I n  r e l a t i o n  t o  t h e  e f f e c t s  o f  s t r a i n  r a t e  on  s h e a r  
m o d u l i  m e a s u r e m e n t s  o f  s o f t  c l a y s ,  a  s t u d y  d o n e  b y  I s e n h o w e r  
an d  S t o k o e  I I  i s  q u i t e  i l l u s t r a t i v e  ( 3 2 ) .  F i g s .  2 .8  a n d  2 .9  
s h o w  t h e  v a r i a t i o n  o f  s h e a r  m o d u l i  w i t h  s h e a r  s t r a i n  r a t e  
a n d ,  c o m p a r a t i v e  r e s u l t s  o f  two d i f f e r e n t  t e s t s  i l l u s t r a t i n g  
s t r a i n  r a t e  e f f e c t ,  r e s p e c t i v e l y .  As s e e n  f r o m  F i g .  2 . 8 ,  a t
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F i g .  2 . 7  N o r m a l i z e d  M o d u l u s  v e r s u s  N o r m a l i z e d  P o r e  P r e s s u r e  
V a r i a t i o n  [ r e p r o d u c e d  f r o m  D y v i k  e t  a l .  ( 2 2 ) ]
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TORSIONAL SHEAR TEST
SINGLE-AMPLITUDE SHEARING STRAIN, %
F i g .  2 . 9  C o m b i n e d  P a r a m e t e r  E f f e c t s  o n  S h e a r  M o d u l u s  
[ r e p r o d u c e d  f ro m  I s e n h o w e r  a n d  S t o k o e  I I  (32) ]
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a  c o n s t a n t  s h e a r i n g  s t r a i n  a m p l i t u d e ,  t h e  s h e a r  m o d u l u s  
i n c r e a s e s  a s  t h e  l o g a r i t h m  o f  s h e a r  s t r a i n  i n c r e a s e s ,  i n  
F i g .  2 . 9 ,  t h e  s h e a r  m o d u l u s  i n c r e a s e s  w i t h  d e c r e a s i n g  s h e a r  
s t r a i n  a m p l i t u d e .  When s h e a r  s t r a i n  r a t e s  a r e  c o n s i d e r e d ,  
m e a s u r e m e n t  o f  m ax im um  s h e a r  m o d u l u s  i s  f o u n d  n o t  t o  b e  
a f f e c t e d  s u b s t a n t i a l l y  d u e  t o  t h e  c o u n t e r b a l a n c i n g  a c t i o n  o f  
l o w  s t r a i n  a m p l i t u d e s .  I n f l u e n c e  o f  s h e a r i n g  s t r a i n  r a t e s  
b e c o m e s  m o r e  p r o n o u n c e d  a t  s t r a i n  a m p l i t u d e s  g r e a t e r  t h a n  
1 0 “ 2 % .
O t h e r  m e t h o d s  e n c o u n t e r e d  i n  t h e  l i t e r a t u r e  t h a t  
c o r r e l a t e  o r  c o m p a r e ,  e i t h e r  e x p e r i m e n t a l l y  o r  n u m e r i c a l l y ,  
s t a t i c  a n d  d y n a m i c  b e h a v i o u r  o f  c l a y ,  u t i l i z e  t h e  i n i t i a l  
s t r e s s - s t r a i n  r e l a t i o n  a t  l o w  s t r a i n s  ( 2 6 , 3 1 , 3 3 , 3 4 ) .
A g e n e r a l  a n a l y t i c a l  m o d e l  p r o p o s e d  b y  P r e v o s t  (56 )  
d e s c r i b e s  t h e  a n i s o t r o p i c  ,  e l a s t o - p l a s t i c ,  p a t h  d e p e n d e n t  
s t r e s s - s t r a i n - s t r e n g t h  p r o p e r t i e s  o f  s a t u r a t e d  c l a y s  u n d e r  
u n d r a i n e d  c y c l i c  o r  m o n o t o n i c  l o a d i n g .  T h e  f r e q u e n c y  o f  
c y c l i c ,  l o a d i n g  s i m u l a t e s  t h e  c o n d i t i o n s  o f  w a v e  l o a d i n g  
r a t h e r  t h a n  e a r t h q u a k e  t y p e  o f  l o a d i n g .  L o a d i n g  f r e q u e n c i e s  
u s e d  i n  t h e  m o d e l  a r e  0 . 5  a n d  0 . 0 5  H e r t z .  T h e  m o d e l  
p a r a m e t e r s  w e r e  d e t e r m i n e d  t h r o u g h  s l o w  m o n o t o n i c  ( s t r a i n  
r a t e  4 . 5  % / h r ) ,  a n d  r a p i d  c y c l i c  ( f r e q u e n c y  0 . 1  H e r t z )  
s t r a i n - c o n t r o l l e d  s i m p l e  s h e a r  t e s t s  o f  Drammen c l a y  
(0CR=4). F i g .  2 . 1 0  s h o w s  t h e  e x p e r i m e n t a l  t e s t  r e s u l t s ,  s l o w  
m o n o t o n i c  a n d  r a p i d  c y c l i c  s t r e s s - s t r a i n  c u r v e s  an d  t y p i c a l  
h y s t e r e s i s  l o o p s  o b t a i n e d  a t  a  c o n s t a n t  s t r a i n  a m p l i t u d e .  
P r e v o s t  r e p o r t s  t h a t  t h e  h y s t e r e s i s  l o o p s  d e v e l o p  a n  S - s h a p e
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CYCLIC STRESS-STRAIN
CURVE FOR N=1
STATIC STRESS-STRAIN 
CURVE
SHEAR STRAIN Y  %
F i g .  2 . 1 0  R a p i d  C y c l i c  a n d  S l o w  M o n o t o n i c  S t r e s s - S t r a i n  
C u r v e s  O b t a i n e d  F r o m  T e s t s  o f  D r a m m e n  C l a y  
[ r e p r o d u c e d  f r o m  P r e v o s t  (56 ) ]
w h i c h  b e c o m e s  e v e n  m o r e  m a r k e d  a s  t h e  n u m b e r  o f  c y l e s  o f  
l o a d i n g  i n c r e a s e s .  A l s o  r e p o r t e d  i s  a n  e x p e r i m e n t a l  f i n d i n g  
t h a t  t h e  g r a d i e n t  o f  t h e  h y s t e r e s i s  l o o p s  a t  t h e  p e a k  s h e a r  
s t r e s s  r e m a i n s  c o n s t a n t  a n d  i s  a p p r o x i m a t e l y  e q u a l  t o  t h e  
g r a d i e n t  o f  t h e  s t a t i c  c u r v e  a t  t h e  c o r r e s p o n d i n g  s t r a i n .
Some o f  t h e  r e s u l t s  o f  a  s t u d y  c o n d u c t e d  b y  I s h i h a r a  
a n d  Y asuda  (33) on a l l u v i a l  c l a y  a r e  g i v e n  i n  F i g .  2 . 1 1 .  The  
t e s t i n g  m e t h o d  u s e d  i n  t h i s  s t u d y  w a s  c y c l i c  t r i a x i a l  a n d  
t h e  s t r e s s - s t r a i n  c u r v e s  f o r  v a r i o u s  n u m b e r  o f  c y c l e s  o f  
l o a d i n g  ( f r e q u e n c y  1 H e r t z ) ,  a n d  m o n o t o n i c  l o a d i n g  w e r e  
o b t a i n e d .  S p e c i m e n s  w e r e  f i r s t  c o n s o l i d a t e d  i s o t r o p i c a l l y  t o  
a  c e r t a i n  e f f e c t i v e  s t r e s s  v a l u e  a n d  t h a n  c y c l i c l y  l o a d e d  i n
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STRESS VS. STRAIN 
CURVE FOR 10 CYCLES-I<
X
< STRESS VS. STRAIN CURVE FOR STATIC LOADING
AXIAL STRAIN
F i g .  2 . 1 1  A s e t  o f  C y c l i c  S t r e s s - s t r a i n  C u r v e s  W i t h  
D i f f e r e n t  N u m b e r  o f  C y c l e s  [ r e p r o d u c e d  f r o m  
I s h i h a r a  an d  Y asu d a  (33)]
s t e p s  o f  i n c r e a s i n g  m a g n i t u d e  t o  f a i l u r e .  As s e e n  f ro m  F i g .  
2 . 1 1 ,  t h e  d e g r a d e d  s t r e s s - s t r a i n  c u r v e s  a t  10 and  30 c y c l e s  
o f  l o a d i n g  f a l l  b e l o w  s t a t i c  c u r v e .  The c u r v e  l a b e l e d  " r a p i d  
l o a d i n g  c u r v e "  c o r r e s p o n d s  t o  f i r s t  c y c l e  s t r e s s - s t r a i n  
c u r v e  ( b a c k b o n e  c u r v e ) .  An i m p o r t a n t  r e s u l t  o f  t h i s  s t u d y  
a r e  g i v e n  i n  F i g s .  2 . 1 2 a  a n d  2 ; 1 2 b  w h i c h  s h o w  t h e  v a r i a t i o n  
o f  t h e  r a t i o  o f  c y c l i c  s t r e n g t h  t o  s t a t i c  s t r e n g t h  v e r s u s  
t h e  r a t i o  o f  i n i t i a l  s h e a r  s t r e s s  t o  s t a t i c  s t r e n g t h  f o r  t h e  
tw o  t y p e s  o f  c l a y s  t e s t e d .  I n  t h e s e  s e t  o f  t e s t s ,  b e f o r e  
a p p l y i n g  t h e  c y c l i c  l o a d ,  t h e  s p e c i m e n s  w e r e  l o a d e d  up  t o  a 
f r a c t i o n  o f  t h e  s t a t i c  f a i l u r e  s t r e s s  w h i c h  was  l a b e l e d  a s  
" i n i t i a l  s h e a r  s t r e s s " .  I t  i s  a l r e a d y  b e e n  s h o w n  t h r o u g h  a 
n u m b e r  o f  i n v e s t i g a t i o n s  t h a t  s t r e n g t h  o f  c o h e s i v e  s o i l s  
u n d e r  r a p i d  l o a d i n g  c o n d i t i o n s  i s  g r e a t e r  t h a n  t h e  s t r e n g t h  
o b t a i n e d  i n  s t a t i c  l o a d i n g  c o n d i t i o n s  i n  w h i c h  t h e
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F i g .  2 . 1 2  C y c l i c  S t r e n g t h s  v e r s u s  I n i t i a l  S h e a r  S t r e s s  
[ r e p r o d u c e d  f r o m  I s h i h a r a  and  Y a s u d a  (33)
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a p p l i c a t i o n  o f  l o a d i n g  i s  s l o w .  T h i s  i s  k n o w n  a s  t h e  c a t e  
e f f e c t .  H o w e v e r ,  a s  s e e n  i n  F i g .  2 .12  t h e  c y c l i c  s t r e n g t h  t o  
s t a t i c  s t r e n g t h  r a t i o  i s  l e s s  t h a n  1 f o r  z e r o  o r  s m a l l  
i n i t i a l  s h e a r  s t r e s s  r a t i o s .  T h i s  i s  a  r e s u l t  k n o w n  a s  
" s t r e n g t h  d e t e r i o r a t i o n "  a n d  i t  i s  a t t r i b u t e d  t o  p o r e  
p r e s s u r e  b u i l d u p ,  b r e a k d o w n  o f  i n h e r e n t  s t r u c t u r e  i n  
c o h e s i v e  s o i l ,  a n d / o r  s t r e s s  r e v e r s a l  d u r i n g  c y c l i c  l o a d i n g .  
T h i s  o c c u r r e n c e  w a s  o b s e r v e d  b y  o i t h e r  i n v e s t i g a t o r s  a l s o  
( 5 2 , 6 7 ) .  T h e  e f f e c t  b e c o m e s  m o r e  p r o n o u n c e d  w h e n  s t r e s s  
r e v e r s a l  i s  a t  t h e  o r i g i n  o r  a t  a n  i n i t i a l  s t r e s s  l e v e l  
c l o s e  t o  t h e  o r i g i n  f o r c i n g  t h e  s p e c i m e n  t o  e x p e r i e n c e  
n e g a t i v e  s t r e s s e s  a t  e a c h  c y c l e .  T h e  e f f e c t  o f  s t r e n g t h  
d e t e r i o r a t i o n  i s  c o r r e l a t e d  w i t h  p l a s t i c i t y ,  a n d  t h e  r e s u l t s  
a r e  g i v e n  i n  F i g .  2 . 1 3 .
0  10 20 30 40 50 60  70 80 90
PLASTICITY INDEX,Ip
F i g .  2 . 1 3  C y c l i c  S t r e n g t h  i n  R e v e r s i n g  C y c l i c  L o a d i n g  a s  
F u n c t i o n s  o f  P l a s t i c i t y  I n d e x  o f  S o i l s  
[ r e p r o d u c e d  f ro m  I s h i h a r a  a n d  Y a s u d a  (33 ) ]
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K a v a z a n j i a n  a n d  H a d j - H a m o u  ( 3 4 )  c o n d u c t e d  a n  
i n v e s t i g a t i o n  i n  w h i c h  t h e y  c o r r e l a t e d  a n d  c o m p a r e d  d y n a m ic  
an d  s t a t i c  b e h a v i o r  u s i n g  r e s u l t s  o f  r e s o n a n t  c o l u m n  t e s t s  
a n d  e m p i r i c a l  m e t h o d s .  U s i n g  e x i s t i n g  d a t a  a n d  a  s i m p l e  
p r o c e d u r e  t o  e s t i m a t e  s t a t i c  m o d u l u s  t h r o u g h  e m p i r i c a l  
r e l a t i o n s  t h e y  w e r e  a b l e  t o  p r o d u c e  c o m p a r a t i v e  c u r v e s  f o r  
San  F r a n c i s c o  Bay mud,  a s  shown i n  F i g .  2 . 1 4 .  They  c o n c l u d e d  
t h a t  r e s o l u t i o n  o f  m o s t  l a b o r a t o r y  s h e a r  t e s t s  p r o h i b i t s  
d e f i n i t i o n  o f  s t a t i c  s t r e s s - s t r a i n  c u r v e  b e l o w  s h e a r  s t r a i n s
— 1 9o f  10 % - l 0  A% , t h e r e f o r e  t h e  m ax im um  s t a t i c  s h e a r  m o d u l u s
i s  t o  b e  e s t i m a t e d  u s i n g  e m p r i c a l  r e l a t i o n s  ( 2 8 , 4 1 ) .
C71= 4 0  psi
8
FROM STATIC TESTS
6
STOKOE AND LODDE 
I DAY TO I WEEK 
CONFINEMENT4
2
10"'
y , %
F i g .  2 . 1 4  M o d u l u s  o f  San  F r a n s i s c o  Bay mud [ r e p r o d u c e d  f ro m  
K a v a z a n j i a n  a n d  H ad j-H am ou  (34) ]
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2.4 VANE SHEAR TESTING
V a n e  s h e a r  t e s t i n g  i s  f r e q u e n t l y  u s e d  i n  e s t i m a t i n g  
u n d r a i n e d  s h e a r  s t r e n g t h  o f  s o f t  s a t u r a t e d  c l a y s  i n - s i t u .  I t  
i s  k n o w n  t o  p e r f o r m  e s p e c i a l l y  w e l l  i n  s o f t  s e a b e d  c l a y s .  
I n - s i t u  v a n e  t e s t  r e s u l t s  c o m p a r e  w e l l  w i t h  o t h e r  i n - s i t u  
t e s t i n g  m e t h o d s  when u s e d  i n  t h e s e  t y p e s  o f  s o i l s  ( 4 6 ) ,  and  
i t  i s  e c o n o m i c a l  a n d  f a s t .  S e v e r a l  i n v e s t i g a t o r s  h a v e  shown 
t h a t  v a n e  t e s t i n g  o v e r e s t i m a t e d  Su i n  h i g h l y  p l a s t i c  c l a y s .  
B j e r r u m  (12) f o r m u l a t e d  a  c o r r e c t i o n  r e l a t i n g  i n - s i t u  v a n e  
s h e a r  t o  p l a s t i c i t y  i n d e x  t h r o u g h  b a c k  c a l c u l a t i n g  s h e a r  
s t r e n g t h s  f r o m  s e v e r a l  em b an k m en t  f a i l u r e s .  Arman e t  a l .  (4) 
s h o w e d  t h a t  Su p r e d i c t e d  t h r o u g h  v a n e  t e s t s  w a s  t w o  t i m e s  
t h e  u n d r a i n e d  s h e a r  s t r e n g t h  o f  s o f t  M i s s i s s i p p i  D e l t a  
c l a y s .  A z z o u z  e t  a l .  (7) r e v i s e d  f i e l d  v a n e  c o r r e c t i o n  f ro m  
p a s t  c a s e  h i s t o r i e s  a n d  f o r m u l a t e d  a new o n e  w h i c h  t h e y  
p r e d i c t  t o  r e p r e s e n t  r e s u l t s  t h a t  w i l l  c o m p a r e  b e t t e r  w i t h  
o t h e r  i n - s i t u  ( c o n e  p e n e t r a t i o n )  o r  l a b o r a t o r y  t e s t  r e s u l t s .
L a b o r a t o r y  v a n e  s h e a r  d e v i c e  was  g e n e r a l l y  r e g a r d e d  a s  
a  p r a c t i c a l  t o o l  u s e d  t o  e s t i m a t e  u n d r a i n e d  s h e a r  s t r e n g t h  
o f  r e t r i e v e d  s a m p l e s  w i t h  m i n im u m  d i s t u r b a n c e .  L i t t l e  w a s  
k n o w n  a n d  r e s e a r c h e d  w i t h  r e s p e c t  t o  s t r e s s - s t r a i n  m o d e ,  
d i s t u r b a n c e  a n d  s t r a i n  r a t e  e f f e c t s .  H o w e v e r ,  w i t h  i n c r e a s e d  
n u m b e r  o f  r e s e a r c h  o n  v a n e  s h e a r  m e c h a n i s m , p o r e  p r e s s u r e ,  
d i s t u r b a n c e ,  s h e a r  r a t e ,  a n d  v a n e  s h a p e  e f f e c t s ,  l a b o r a t o r y  
v a n e  d e v i c e  i s  s l o w l y  b e i n g  u p g r a d e d  f ro m  a p r a c t i c a l  t o o l  
t o  a  b e t t e r  s o i l  s h e a r  t e s t i n g  d e v i c e .  M o r e o v e r ,  w i t h  t h e
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i n t r o d u c t i o n  o f  t r i a x i a l  v a n e  a p p a r a t u s  (3 5 ) ,  d u p l i c a t i o n  o f  
t h e  i n - s i t u  s t r e s s  c o n d i t i o n s  o n  s p e c i m e n s  c o u l d  b e  
a c h i e v e d .  I n h e r e n t  p r o b l e m s  o f  c l a s s i c a l  l a b - v a n e  t e s t i n g ,  
s u c h  a s  u p h e a v i n g  o f  s o i l  s u r f a c e  d u r i n g  i n s e r t i o n  o f  v a n e ,  
d r y i n g  o f  s o i l  s u r f a c e  d u r i n g  s l o w  r a t e - l o n g  t e r m  t e s t s ,  and 
b o u n d a r y  e f f e c t s  d u e  t o  s i z e  a n d  r i g i d i t y  o f  s o i l  c o n t a i n e r  
a r e  e l i m i n a t e d  a u t o m a t i c a l l y  i n  a  t r i a x i a l  v a n e  d e v i c e .  
S e v e r a l  i m p o r t a n t  i n v e s t i g a t i o n s  r e l a t e d  t o  v a n e  s h e a r  
t e s t i n g  w h i c h  a r e  o f  i n t e r e s t  t o  t h i s  s t u d y  a r e  d i s c u s s e d  
b e l o w .
2 . 4 . 1  S h e a r  M e c h a n i s m  o f  V a n e  T e s t
The c l a s s i c a l  a s s u m p t i o n s  f o r  s h e a r  m e c h a n i s m  o f  v a n e  
t e s t  a r e :  t h e  s h e a r  s u r f a c e  i s  a  c y l i n d e r  o f  t h e  s a m e
d i m e n s i o n s  a s  t h e  v a n e ;  t h e  v a n e  i s  r e p l a c e d  b y  a  r i g i d  
c y l i n d e r  o n t o  w h i c h  t h e  s o i l  a d h e r e s  ; t h e  s t r e s s  
d i s t r i b u t i o n  i s  u n i f o r m  a c r o s s  t h e  s u r f a c e  o f  r u p t u r e  (15 ) .  
I t  i s  a  s t r e s s - c o n t r o l l e d  t e s t  i n  w h i c h  t h e  o n l y  s t r e s s  
know n  i s  t h e  s h e a r  s t r e s s  o n  t h e  r u p t u r e  s u r f a c e .  C i r c u l a r  
s h e a r  s u r f a c e  i s  a  v a l i d  a s s u m p t i o n  f o r  s o f t  s a t u r a t e d  
c l a y s ,  h o w e v e r  i t  d e v i a t e s  s i g n i f i c a n t l y  f o r  s a n d s  a n d  s i l t s  
( 8 2 ) .
M a t s u i  a n d  Abe (47) t e s t e d  Ko c o n s o l i d a t e d  c l a y s  u s i n g  
a n  i n s t r u m e n t e d  v a n e  s h e a r  d e v i c e  i n  w h i c h  t o t a l  s t r e s s e s  
a n d  p o r e  w a t e r  p r e s s u r e s  a r o u n d  t h e  v e r t i c a l  s h e a r  p l a n e  
c o u l d  b e  m e a s u r e d .  T h e  e x p e r i m e n t a l  r e s u l t s  w e r e  c o m p a r e d  
w i t h  r e s u l t s  o b t a i n e d  f r o m  a  n u m e r i c a l  a n a l y s i s .  T h e  d e v i c e
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F i g .  2 . 1 5  A n a l y t i c a l  a n d  E x p e r i m e n t a l  D i s t r i b u t i o n s  o f  
E x c e s s  P o r e  W a t e r  P r e s s u r e ,  T o t a l  S t r e s s  a n d  
E f f e c t i v e  S t r e s s  I n c r e m e n t s  on  t h e  V a n e  S h e a r  
[ r e p r o d u c e d  f r o m  M a t s u i  a n d  Abe (47)
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was  o f  t h e  r o t a t i n g  t y p e  t u r n t a b l e  on  w h i c h  t h e  s p e c i m e n  was  
p l a c e d .  I t  c o u l d  b e  o p e r a t e d  a t  c o n s t a n t  a n g u l a r  v e l o c i t i e s  
r a n g i n g  f r o m  0 . 0 0 2  d e g r e e s / s e c  t o  5 . 0  d e g r e e s / s e c .  P o r e  
p r e s s u r e  t r a n s d u c e r s  p o s i t i o n e d  n e a r  o r  on t h e  v a n e  b l a d e ,  
a n d  l a t e r a l  e a r t h  p r e s s u r e  t r a n s d u c e r s  o n  t h e  w a l l  o f  t h e  
c e l l  w e r e  u s e d  t o  m e a s u r e  p o r e  w a t e r  a n d  t o t a l  p r e s s u r e s .  
F i g s .  2 . 1 5 a ,  2 . 1 5 b ,  a n d  2 . 1 5 c  s h o w  t h e  v a r i a t i o n s  o f  p o r e  
p r e s s u r e ,  t o t a l  s t r e s s ,  a n d  n o r m a l  e f f e c t i v e  s t r e s s  
i n c r e m e n t s  w i t h  a n g u l a r  r o t a t i o n  b o t h  a s  p r e d i c t e d  b y  
n u m e r i c a l  a n a l y s i s  a n d  m e a s u r e d  i n  t e s t ,  r e s p e c t i v e l y .  As 
t h e  v a n e  b l a d e  t u r n s ,  p o r e  p r e s s u r e  a n d  t o t a l  s t r e s s  
i n c r e a s e  i n  f r o n t  o f  t h e  b l a d e  an d  d e c r e a s e  b e h i n d  t h e  b l a d e  
b y  a p p r o x i m a t e l y  t h e  s a m e  a m o u n t ,  t h e r e f o r e  t h e  r e s u l t i n g  
n o r m a l  e f f e c t i v e  s t r e s s  i n c r e m e n t  r e m a i n  d i s t r i b u t e d  a r o u n d
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z e r o ,  an d  t h e  n o r m a l  e f f e c t i v e  s t r e s s  i t s e l f  d o e s  n o t  c h a n g e  
s i g n i f i c a n t l y .  F i g .  2 . 1 6  s h o w s  t h e  a n a l y t i c a l  r e s u l t s  o f  
p o r e  p r e s s u r e  d i s t r i b u t i o n  f o r  v a r i o u s  c a s e s  o f  l o c a l  p o r e  
p r e s s u r e  m i g r a t i o n .  T h e  s l o w e r  t h e  a n g u l a r  r o t a t i o n  t h e  
s m a l l e r  t h e  c h a n g e s  i n  e x c e s s  p o r e  w a t e r  p r e s s u r e .  The c a s e  
f o r  l a r g e r  a n g u l a r  r o t a t i o n  r a t e  o f  1 d e g r e e / s e c  i s  v e r y  
c l o s e  t o  t h a t  o f  u n d r a i n e d  c a s e .  One i m p o r t a n t  c o n c l u s i o n  
f r o m  t h i s  i n v e s t i g a t i o n  w a s  t h a t  b e c a u s e  o f  p o r e  p r e s s u r e  
g r a d i e n t  d i s t r i b u t i o n  a r o u n d  t h e  s h e a r  p l a n e ,  i f  a n g u l a r  
r o t a t i o n  i s  s l o w  e n o u g h ,  p o r e  p r e s s u r e  m i g r a t i o n  w i l l  t a k e  
p l a c e  r e s u l t i n g  i n  c o n s o l i d a t i o n  o f  s o i l  i n  f r o n t  o f  t h e  
b l a d e  an d  s w e l l i n g  d i l a t i o n  b e h i n d  t h e  b l a d e .  The  u n d r a i n e d  
c o n d i t i o n  (no p o r e  p r e s s u r e  m i g r a t i o n )  f o r  t h e  k a o l i n  c l a y
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[ r e p r o d u c e d  f r o m  M a t s u i  an d  Abe (47) ]
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t e s t e d  w a s  p r e d i c t e d  t o  o c c u r  a t  a n g u l a r  r o t a t i o n  r a t e s  o f  
1 . 0  d e g r e e / s e c  o r  h i g h e r .  I n  t h e  c a s e  o f  s l o w e r  a n g u l a r  
r o t a t i o n s /  i t  i s  p r e d i c t e d  t h a t  s o i l  i n  f r o n t  o f  t h e  v a n e  
b l a d e  d o e s  n o t  r e a c h  f a i l u r e  b e c a u s e  o f  c o n s o l i d a t i o n  
e f f e c t /  h o w e v e r  s o i l  b e h i n d  t h e  b l a d e  r e a c h e s  f a i l u r e  a t  a 
. lower s t r e s s  l e v e l  b e c a u s e  o f  s w e l l i n g  d i l a t i o n .
M e n z i e s  a n d  M e r r i f i e l d  ( 4 9 ) ,  u s i n g  a n  i n s t r u m e n t e d  v a n e  
m e a s u r e d  t h e  s t r e s s  d i s t r i b u t i o n  on  t h e  v e r t i c a l  a n d  
h o r i z o n t a l  e d g e s  o f  t h e  v a n e .  F i g s .  2 . 1 7 a  a n d  2 . 1 7 b  s h o w  
t h e s e  r e s u l t s  a l o n g  w i t h  t h e o r e t i c a l  s h e a r  d i s t r i b u t i o n  
c u r v e s .  A c o n c e n t r a t i o n  o f  s h e a r  d i s t o r t i o n  i n  a  b a n d  o f  
s h e a r  a t  t h e  b l a d e  e d g e s  was  o b s e r v e d .
2 .4 .2  D i s t u r b a n c e  E f f e c t  Due t o  I n s e r t i o n  o f  t h e  V a n e
A num ber  o f  i n v e s t i g a t o r s  h a v e  o b s e r v e d  t h e  e f f e c t  o f  
v a n e  i n s e r t i o n  e i t h e r  i n  t e r m s  o f  p o r e  p r e s s u r e  i n c r e a s e ,  up  
t o  5 0  % o f  v e r t i c a l  c o n s o l i d a t i o n  p r e s s u r e  i n  s o m e  c a s e s  
( 4 7 ) ,  ^or i n  t e r m s  o f  t h e  r e d u c t i o n  i n  u n d r a i n e d  s h e a r  
s t r e n g t h  (42) p a r t i a l l y  d u e  t o  b r e a k d o w n  o f  c l a y  b o n d s .  Aas 
(1) c o n d u c t e d  a  s t u d y  i n  w h i c h  t h e  v a n e  w a s  l e f t  i n  t h e  s o i l  
f o r  24 h r s  b e f o r e  s t a r t i n g  r o t a t i o n .  R e s u l t s  show ed  a  40  t o  
50  % i n c r e a s e  i n  t h e  s h e a r  s t r e n g t h  i n  c o m p a r i s o n  t o  t h a t  o f  
a  s t a n d a r d  t e s t .  T o r s t e n s s o n  (79)  a n d  S h i b a t a  ( 7 1 )  m a d e  
s i m i l a r  c o n c l u s i o n s .  The t i m e  e l a p s e d  b e t w e e n  v a n e  i n s e r t i o n  
a n d  b e g i n n i n g  o f  r o t a t i o n  w a s  a c r i t i c a l  f a c t o r  t h a t  
c o n t r o l l e d  v a n e  s h e a r  s t r e n g t h .
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K i m u r a  a n d  S a i t o h  (36 )  c o n s o l i d a t e d  t w o  t y p e s  o f  c l a y  
o u t  o f  a  s l u r r y  a n d  t e s t e d  t h e  e f f e c t  o f  v a n e  i n s e r t i o n  
u s i n g  a t r a n s d u c e r  i n s t r u m e n t e d  v a n e .  P o r e  p r e s s u r e  r e s p o n s e  
was  m o n i t o r e d  o v e r  t i m e  d u r i n g  v a n e  i n s e r t i o n ,  e l a p s e d  t i m e  
t o  r o t a t i o n ,  a n d  d u r i n g  r o t a t i o n .  T h e  a n g u l a r  v e l o c i t y  o f  
v a n e  r o t a t i o n  was  0 . 1  d e g r e e s / s e c .  F i g .  2 .18  s h o w s  v a r i a t i o n  
o f  p o r e  p r e s s u r e  d u r i n g  i n s e r t i o n  o f  t h e  v a n e  a n d  t h e  
s u b s e q u e n t  d i s s i p a t i o n .  F i g .  2 . 1 9  s h o w s  a  t y p i c a l  a n g u l a r  
r o t a t i o n  v e r s u s  p o r e  p r e s s u r e  r e s p o n s e .  H ig h  p o r e  p r e s s u r e s  
d e v e l o p e d  d u r i n g  i n s e r t i o n  o f  v a n e ,  d i s s i p a t e d  t o  a n  
e q u i l i b r i u m  l e v e l  i n  a p p r o x i m a t e l y  f o u r  h o u r s  f o r  b o t h  c l a y s  
w i t h  P I  v a l u e s  o f  50  a n d  2 0 .  P o r e  p r e s s u r e  c h a n g e s  d u r i n g  
v a n e  r o t a t i o n  w e r e  s m a l l .  F o r  s h o r t  d i s s i p a t i o n  p e r i o d  
t e s t s ,  p o r e  p r e s s u r e s  d u r i n g  r o t a t i o n  w e r e  l o w e r  t h a n  t h e  
v a l u e s  i m m e d i a t e l y  b e f o r e  d u e  t o  t h e  f a c t  t h a t  d i s s i p a t i o n  
w o u l d  c o n t i n u e  d u r i n g  r o t a t i o n  a l s o .
2 .4 .3  S h e a r  R a t e  E f f e c t s
O r d i n a r i l y  t o r q u e  i s  a p p l i e d  a t  a  s t a n d a r d  r a t e  o f  0 . 1  
d e g r e e / s e c .  E a r l i e r  s t u d i e s  h a v e  shown t h a t  m e a s u r e d  s h e a r  
s t r e n g t h s  i n c r e a s e  w i t h  i n c r e a s i n g  s h e a r  r a t e  i n  p l a s t i c  
c l a y s  ( 1 , 5 1 , 7 9 ) .  A r e l a t i v e l y  r e c e n t  s t u d y  s h o w s  t h a t  t h e  
s h e a r  s t r e n g t h  o f  l o w  p l a s t i c i t y  c l a y s  w i l l  i n c r e a s e  w i t h  
d e c r e a s i n g  s h e a r  r a t e  ( 7 0 ) .  T h i s  o c c u r r e n c e  i s  shown i n  F i g .  
2 .2 0 .  F o r  l o w  p l a s t i c i t y  c l a y s  p a r t i a l  d r a i n a g e  i s  p r e d i c t e d  
t o  t a k e  p l a c e  a t  l o w  r a t e s  o f  s h e a r .  A t  h i g h e r  r a t e s  l e s s  
d i s s i p a t i o n  o c c u r s  a n d  u l t i m a t e l y  d e c r e a s e s  t h e  e f f e c t i v e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
34
2.0
u
N
oas
1 .5
1.0
0 .5
• 1 "  1 1 1
Knot in l l e
"  _ 1
- 3  °
•
O  C onsolidation pressure 
9 C onsolidation pressure
-  528 psf 
“ 1056 p sf
o
o
o " "
o
o _
f t  ^ -  0 .99  (u>/6)
9
-0 .1 6  _  
O
— 9 —
1 — 1__________L .  , 1 1
10 15 20 25 30
Rate of Shear, u (deg/mln)
F i g .  2 . 2 0  N o r m a l i z e d  S h e a r  S t r e n g t h  v s  R a t e  o f  S h e a r  f o r  
K a o l i n i t e  [ r e p r o d u c e d  f r o m  S h a r i f o u n n a s a b  a n d  
U l l r i c h  (70 ) ]
s t r e s s  a n d  t h e  s h e a r  s t r e n g t h .  S h e a r  r a t e  i s  a n  i m p o r t a n t  
f a c t o r  i n  d e t e r m i n i n g  c o m p l e t e l y  u n d r a i n e d  c o n d i t i o n s .  S i n c e  
p a r t i a l  d r a i n a g e  c a n  o c c u r  i n  l o w  p l a s t i c i t y  c l a y s ,  i t  i s  
i m p e r a t i v e  t o  e s t a b l i s h  a  t h r e s h o l d  s h e a r  r a t e  v a l u e  f o r  
t h e s e  t y p e s  o f  s o i l s  t o  e n s u r e  u n d r a i n e d  c o n d i t i o n s .
2 .4 .4  An I m p o r t a n t  U t i l i z a t i o n  o f  V a n e  S h e a r
U n d r a i n e d  r e s i d u a l  s t r e n g t h  i s  a n  i m p o r t a n t  p a r a m e t e r  
t h a t  i s  g e n e r a l l y  r e f e r r e d  t o  a s  t h e  m i n im u m  v a l u e  o f  
s h e a r i n g  r e s i s t a n c e  t h a t  i s  r e a c h e d  a f t e r  l a r g e  s t r a i n s  
o c c u r  a t  c o n s t a n t  v o l u m e  o n  a  s h e a r  z o n e .  V an e  s h e a r  t e s t i n g  
i s  g e n e r a l l y  c h o s e n  t o  m e a s u r e  t h i s  p r o p e r t y  o f  c o h e s i v e  
s o i l s  b e c a u s e  a  s h e a r  z o n e  d e v e l o p e s  a t  t h e  e d g e s  o f  t h e  
v a n e  b l a d e s  a n d  i t  i s  c a p a b l e  o f  p r o d u c i n g  l a r g e  s t r a i n s .
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P y l e s  (60) u s e d  a  v a n e  s h e a r  d e v i c e ,  o p e r a t i n g  a t  d i f f e r e n t  
s h e a r  r a t e s  ( 0 .0 2 5  -  0 .3  d e g r e e s / s e c ) , t o  m e a s u r e  u n d r a i n e d  
s h e a r  s t r e n g t h  a n d  r e s i d u a l  s t r e n g t h  o f  S a n  F r a n s i s c o  B a y  
mud s a m p l e s .  R e s u l t s  show ed  t h a t  u n d r a i n e d  r e s i d u a l  s t r e n g t h  
m e a s u r e d  i n  f i e l d  a n d  i n  l a b  d i d  n o t  d i f f e r  a s  i n  s h e a r  
s t r e n g t h  m e a s u r e m e n t s ,  a n d  c o r r e l a t i o n  o f  R u / S u  (Ru = 
u n d r a i n e d  r e s i d u a l  s t r e n g t h )  w i t h  l i q u i d i t y  i n d e x  r e v e a l e d  a 
c o n s t a n t . v a l u e  o f  t h e  r a t i o  o v e r  a  w i d e  r a n g e  o f  w a t e r  
c o n t e n t s .
2 . 4 . 5  T r i a x i a l  V a n e
The  t r i a x i a l  v a n e  was  f i r s t  d e v e l o p e d  i n  t h e  N o r w e g i a n  
G e o t e c h n i c a l  I n s t i t u t e  i n  1 9 6 5  b y  K e n n e y  a n d  L a n d v a  ( 3 5 ) .  
I s o t r o p i c ,  a n i s o t r o p i c  a n d  Ko s t r e s s  c o n d i t i o n s  c a n  b e  
s i m u l a t e d ,  a n d  i s o t r o p i c  c o n s o l i d a t i o n  c a n  b e  c a r r i e d  i n  a 
t r i a x i a l  v a n e  d e v i c e .  M o r e o v e r ,  i t  e l i m i n a t e s  some p r o b l e m s  
a s s o c i a t e d  w i t h  r e g u l a r  v a n e  t e s t i n g  a s  e x p l a i n e d  e a r l i e r .
Law ( 4 4 ) ,  m o d i f i e d  a  t r i a x i a l  c e l l  a n d  a v a n e  m a c h i n e  
t o  b u i l d  a  t r i a x i a l  v a n e  s e t - u p .  T h e  v a n e  w a s  d e s i g n e d  t o  b e  
d e t a c h a b l e  f r o m  t h e  v a n e  r o d ,  s o  t h a t  f r i c t i o n  p e r t a i n i n g  t o  
s e a l s  a n d  r o d  c o u l d  b e  m e a s u r e d  s e p a r a t e l y  a n d  s u b t r a c t e d  
f r o m  v a n e  s h e a r  m e a s u r e m e n t s .  T h i s  new e q u i p m e n t  w as  u s e d  t o  
m e a s u r e  e f f e c t s  o f  l a t e r a l  and  v e r t i c a l  p r e s s u r e s  on  t o r q u e  
m e a s u r e m e n t s .  T h e  b a s i c  d e s i g n  o f  t h e  t r i a x i a l  v a n e  u n i t  
u s e d  i n  t h e  s t u d y  r e p o r t e d  h e r e  i s  v e r y  s i m i l a r  t o  L a w ' s  
d e s i g n  w i t h  some o p e r a t i o n a l  d i f f e r e n c e s .
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CHAPTER 3 
METHODOLOGY
E q u i p m e n t ,  p r e p a r a t i o n  o f  t h e  a r t i f i c i a l  s a m p l e s ,  
t e s t i n g  an d  d a t a  a c q u i s i t i o n  m e t h o d  p e r t a i n i n g  t o  t r i a x i a l  
v a n e  d e v i c e  a r e  d e s c r i b e d  i n  t h i s  c h a p t e r .  A s c h e m a t i c  
d i a g r a m  s h o w i n g  t h e  t e s t i n g  p r o c e d u r e  i s  g i v e n  i n  F i g .  3 .1 .
3 .1  EQUIPMENT
3 .1 .1  C o n s o l i d a t i o n  U n i t s
I n  o r d e r  t o  a c c o m p l i s h  t h e  o b j e c t i v e s  o f  t h i s  s t u d y ,  a 
n u m b e r  o f  d u p l i c a t e  t e s t  s p e c i m e n s  w e r e  n e e d e d .  T h e y  w e r e  
p r o d u c e d  i n  t h e  c u s t o m - m a d e  c o n s o l i d a t i o n  u n i t s  a s  shown i n  
F i g .  3 . 2 .  T h e s e  u n i t s  a f t e r  b e i n g  f i l l e d  w i t h  s o i l  s l u r r y  
w e r e  p l a c e d  i n  s e p a r a t e  b u c k e t s  a n d  s u b m e r g e d  i n  w a t e r .  They  
w e r e  l o a d e d  w i t h  1 0  kg  w e i g h t s  i n  s t e p s  u p  t o  t h e  d e s i r e d  
s t r e s s  o f  1 k g / c m 2 . T h i s  s y s t e m  p r o v e d  t o  b e  s i m p l e  a n d  
p r a c t i c a l .  T h e  a d v a n t a g e  w a s  t h a t  q u i t e  a  f e w  n u m b e r  o f  
s a m p l e s  c o u l d  b e  c o n s o l i d a t e d  w i t h i n  t h e  s a m e  p e r i o d  o f  
t i m e .  A l t h o u g h  t i m e  an d  a m o u n t  o f  c o n s o l i d a t i o n  c o u l d  n o t  b e  
m e a s u r e d  d i r e c t l y  a p p r o x i m a t e  t i m e  f o r  92% c o n s o l i d a t i o n  was  
e s t i m a t e d  t o  b e  15  d a y s  u s i n g  l i n e a r i z e d  f i n i t e  s t r a i n  
t h e o r y  ( 1 6 ) ,  s o i l  i n d e x  p r o p e r t i e s  ( s e e  T a b l e  3 . 1 )  a n d  
f o r m e r l y  o b t a i n e d  c o n s o l i d a t i o n  p a r a m e t e r s  f o r  t h e  s a m e  
s o i l .
3 . 1 . 2  M o d i f i e d  T r i a x i a l  L a b o r a t o r y  V a n e  D e v i c e
The r e a s o n s  t h a t  c o n t r i b u t e d  t o  t h e  c h o i c e  o f  t r i a x i a l
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v a n e  t e s t i n g  t o  m e a s u r e  l o w  s h e a r  s t r a i n  p r o p e r t i e s  o f  s o f t  
s o i l s  a r e  l i s t e d  a s  f o l l o w s  :
1 .  V a n e  s h e a r  t e s t i n g  i s  e x t e n s i v e l y  u s e d  t o  
d e t e r m i n e  s h e a r  s t r e n g t h  p r o p e r t i e s  o f  s o f t  c l a y s ,  
e s p e c i a l l y  s e a b e d  s o i l s ,
2 .  I t  i s  a  s t r e s s - c o n t r o l l e d  t e s t  a n d  i s  c o m p a t i b l e  i n  
t h a t  a s p e c t  w i t h  r e s o n a n t  c o l u m n  t e s t i n g .
3 .  T h e  n ew  d a t a  a c q u i s i t i o n  s y s t e m  p u t  t o g e t h e r  t o  
d e t e c t  m i n u t e  s t r a i n  a m p l i t u d e s  w a s  r e a d i l y  
a d a p t a b l e  t o  v a n e  t e s t i n g  i n  t e r m s  o f  m e c h a n i c s  o f  
o p e r a t i o n .
4 .  S h e a r  s t r e s s  a n d  s t r a i n s  c o u l d  d i r e c t l y  b e  m e a s u r e d  
w i t h o u t  t h e  n e e d  f o r  e v a l u a t i o n  o f  s o i l  p a r a m e t e r s  
s u c h  a s  P o i s s o n ' s  r a t i o ,  o r  d e t a i l e d  a n a l y s i s  o f  
p r i n c i p l e s  o f  s h e a r  m e c h a n i s m  i n v o l v e d  i n  t e s t i n g .
5 .  S o m e  d i s a d v a n t a g e s  i n  r e l a t i o n  t o  s a m p l e  
d i s t u r b a n c e ,  a n d  i n t e r p r e t a t i o n  o f  d a t a ,  
e n c o u n t e r e d  i n  c l a s s i c a l  l a b o r a t o r y  v a n e  t e s t i n g  
w a s  e l i m i n a t e d  b y  m o d i f y i n g  a n d  m a k i n g  i t  a 
t r i a x i a l  t e s t .
/
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The a p p a r a t u s  b a s i c a l l y  c o n s i s t e d  o f  a  l a r g e  t r i a x i a l  
c e l l /  1 5 0  mm n o m i n a l  d i a m e t e r ,  c o n n e c t e d  t o  a  c o n s t a n t  
p r e s s u r e  u n i t ,  a n d  a  l a b o r a t o r y  v a n e  m a c h i n e .  S e v e r a l  p a r t s  
o f  b o t h  t h e  t r i a x i a l  c e l l  a n d  t h e  l a b o r a t o r y  v a n e  m a c h i n e  
w e r e  e i t h e r  m o d i f i e d  o r  r e d e s i g n e d  i n  o r d e r  t o  c o u p l e  t h e  
t w o  s e p a r a t e  u n i t s .  Some o f  t h e  m o d i f i c a t i o n s  m a d e  w e r e  
s i m i l a r  t o  t h e  o n e s  i n  t h e  t r i a x i a l  v a n e  a p p a r a t u s  
c o n s t r u c t e d  a n d  t e s t e d  b y  Law ( 4 4 )  a t  t h e  D i v i s i o n  o f  
B u i l d i n g  R e s e a r c h ,  G e o t e c h n i c a l  S e c t i o n ,  N a t i o n a l  R e s e a r c h  
C o u n c i l  o f  C a n a d a ,  O t t a v a .  The  s e t - u p  u s e d  i n  t h i s  s t u d y  i s  
s h o w n  i n  F i g .  3 . 3 .
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F i g .  3.3 A V iew  o f  t h e  T r i a x i a l  V a n e  D e v i c e
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3 . 1 .2 . 1  T r i a x i a l  C e l l  a n d  P a r t s
T h e  t r i a x i a l  c e l l  u s e d  w a s  a n  E n g i n e e r i n g  L a b o r a t o r y  
E q u i p m e n t  I n c .  (ELE) c e l l  o f  m o d e l  ( E L 2 5 - 4 0 6 ) .  C o n f i n i n g  
p r e s s u r e  w a s  a p p l i e d  t h r o u g h  a n  ELE c o n s t a n t  p r e s s u r e  
a p p a r a t u s  ( E L 2 7 - 4 3 2 ) .  T h e  s c h e m a t i c  d i a g r a m  o f  t h e  c e l l  
a s s e m b l y  i s  s h o w n  i n  F i g .  3 . 4 .  T h e  m o d i f i e d  a n d  new  p a r t s  
o f  t h e  c e l l  a r e  d e s c r i b e d  b e l o w .
3 . 1 . 2 . 1 . 1  P i s t o n
A s t a i n l e s s  s t e e l  p i s t o n  i d e n t i c a l  t o  t h e  o r i g i n a l  ELE 
l o a d i n g  p i s t o n  w a s  u s e d  t o  h o u s e  t h e  v a n e  r o d  w i t h i n  a 
n a r r o w  d u c t  d r i l l e d  t h r o u g h o u t  t h e  l e n g t h  o f  t h e  p i s t o n .  A 
r i n g  s h a p e d ,  s p r i n g  l o a d e d  t e f l o n  s e a l  ( B a l - S e a l ,  s e e  
A p p e n d ix  A f o r  s p e c i f i c a t i o n s )  p l a c e d  i n  a  h o u s i n g  a t  t h e  
t o p  o f  t h e  p i s t o n  p r o v i d e d  t h e  n e c e s s a r y  s e a l i n g  o f  t h e  
p r e s s u r e  w i t h i n  t h e  c e l l  w h i l e  a l l o w i n g  t h e  r o t a t i o n  o f  t h e  
v a n e  r o d  w i t h  m i n im u m  f r i c t i o n .  S c h e m a t i c  d e t a i l s  o f  t h e  
p i s t o n  a r e  g i v e n  i n  F i g .  3 . 5 .
3 . 1 . 2 . 1 . 2  T o p  C a p
S c h e m a t i c  d e t a i l s  o f  t h e  t o p  c a p  a r e  shown i n  F i g .  3 .5 .  
The  t o p  c a p  was  d e s i g n e d  s p e c i f i c a l l y  t o  h o u s e  a  d e t a c h a b l e  
v a n e .  A n a r r o w  d u c t  t h a t  l e d  i n t o  t h e  v a n e  h o u s i n g  was  u s e d  
t o  f i l l  t h e  h o u s i n g  w i t h  d i s t i l l e d  w a t e r  i n i t i a l l y ,  a n d  t h e n  
t o  m e a s u r e  t h e  p o r e  w a t e r  p r e s s u r e  o n  t o p  o f  t h e  s p e c i m e n .  
The d u c t  c o n n e c t e d  t o  a  t e f l o n  w a t e r  l i n e  w h i c h  s e p a r a t e d  
i n t o  two l i n e s  o u t s i d e  t h e  c e l l ,  o n e  t o  t h e  d i s t i l l e d  w a t e r  
r e s e r v o i r  a n d  t h e  o t h e r  t o  p o r e  p r e s s u r e  t r a n s d u c e r .  A v a l v e
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b e t w e e n  t h e  r e s e r v o i r  a n d  t h e  t r a n s d u c e r  p r o v i d e d  t h e  
n e c e s s a r y  c o n t r o l  t o  u s e  t h e  s a m e  w a t e r  l i n e  f o r  b o t h  
p u r p o s e s  a s  d e s c r i b e d  a b o v e .  T h e  h o u s i n g  c o u l d  b e  f i l l e d  
w i t h  w a t e r  c o m p l e t e l y  w i t h  t h e  a i d  o f  a n  a i r  b l e e d  o u t l e t  a t  
t h e  t o p  o f  t h e  c a p  w h i c h  w a s  t i g h t l y  s e a l e d  a f t e r  f i l l i n g .  
A n o t h e r  B a l - S e a l ,  i d e n t i c a l  t o  t h e  o n e  i n  t h e  p i s t o n ,  w as  
p l a c e d  i n  a  s e p a r a t e  h o u s i n g  i n s i d e  t h e  c a p ,  o n  t o p  o f  t h e  
v a n e  h o u s i n g .  T h e  p u r p o s e  o f  t h i s  s e a l  w a s  t o  b l o c k  t h e  
i n f i l t r a t i o n  o f  p r e s s u r i z e d  c e l l  w a t e r  i n t o  t h e  v a n e  
h o u s i n g ,  t h e r e f o r e  b e  a b l e  t o  c o r r e c t l y  m e a s u r e  t h e  p o r e  
w a t e r  p r e s s u r e  c h a n g e s  o n  t o p  o f  t h e  s p e c i m e n  d u r i n g  
t e s t i n g .  T h i s  s e a l  a l s o  a l l o w e d  r o t a t i o n  o f  t h e  v a n e  r o d  
w i t h  minimum f r i c t i o n .
F o u r  p e r p e n d i c u l a r  s l i t s  s i t u a t e d  a r o u n d  a c i r c u l a r  
h o l e  a t  t h e  b o t t o m  o f  t h e  v a n e  h o u s i n g  a l l o w e d  t h e  p a s s a g e  
o f  t h e  v a n e  b l a d e s  when l o w e r i n g  t h e  v a n e  i n t o  t h e  s p e c i m e n .  
I n i t i a l l y ,  t h e  v a n e  w o u l d  r e s t  o n  r e c e s s e s  i n s i d e  t h e  
h o u s i n g  a n d  t u r n e d  t o  m e e t  t h e  s l i t s  a n d  p u s h e d  t h r o u g h  a t  
t h e  a p p r o p r i a t e  t i m e  d u r i n g  t e s t i n g .  A b r a s s  p o r o u s  s t o n e ,  
1 / 6  "  t h i c k ,  w i t h  a  c i r c u l a r  h o l e  c u t  t h r o u g h  t h e  m i d d l e  o f  
i t ,  w a s  p l a c e d  b e t w e e n  t h e  t o p  c a p  a n d  s o i l  s p e c i m e n .  T h i s  
h e l p e d  t o  e l i m i n a t e  s l i p p a g e  and  r o t a t i o n  o f  t h e  t o p  c a p .
3 . 1 . 2 . 1 . 3  B o t t o m  C a p
The  b o t t o m  c a p  was  s p e c i f i c a l l y  d e s i g n e d  t o  p r e v e n t  t h e  
r o t a t i o n  o f  t h e  s p e c i m e n .  I t  was d e s i g n e d  t o  f i t  t i g h t l y  on  
t o p  o f  t h e  o r i g i n a l  ELE b o t t o m  a d a p t o r  w i t h  t h e  c o i n c i d i n g
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d r a i n a g e  h o l e s .  T h e  s c h e m a t i c  d r a w i n g  o f  t h e  p a r t  i s  s h o w n  
i n  F i g .  3 . 4 .  T h e  b o t t o m  c a p  h o u s e d  a  1 / 4 "  t h i c k  c o r r u n d u m  
p o r o u s  s t o n e .  A t r i m m e d  s p e c i m e n  w o u l d  b e  p u s h e d  i n t o  t h e  
h o u s i n g  s e c t i o n  u n t i l  i t  was  f i r m l y  s e t  on t h e  p o r o u s  s t o n e .  
T h e  e x t r a  s o i l  t r i m m e d  b y  t h e  e d g e s  o f  t h e  c a p  w o u l d  b e  
r e m o v e d  a n d  s i d e s  o f  t h e  s p e c i m e n  w o u l d  b e  l e v e l e d  w i t h  t h e  
s i d e s  o f  t h e  c a p .  I n  o r d e r  t o  e n s u r e  t h e  s a t u r a t i o n  o f  t h e  
p o r o u s  s t o n e  a n d  a v o i d  a i r  b e  t r a p p e d  b e t w e e n  t h e  s p e c i m e n  
a n d  t h e  s t o n e ,  t h e  h o u s i n g  o f  t h e  b o t t o m  c a p  w o u l d  i n i t i a l l y  
b e  f i l l e d  w i t h  w a t e r  b y  o p e n i n g  t h e  d r a i n a g e  v a l v e  t h a t  l e d  
t o  a  g r a d u a t e d  b u r e t t e .  W a t e r  f i l l i n g  t h e  h o u s i n g  w o u l d  
i m m e r s e  t h e  p o r o u s  s t o n e  a n d  b e  a l l o w e d  t o  m o v e  u p  t o  t h e  
t o p  e d g e  o f  t h e  c a p  ; a n d  t h e n  w h i l e  p u s h i n g  t h e  s p e c i m e n  
i n t o  t h e  h o u s i n g  , t h e  e x t r a  w a t e r  w o u l d  m o v e  b a c k  u p  i n t o  
t h e  b u r e t t e .
3 . 1 . 2 . 1 . 4  S i d e  R o d s  W i t h  D e t a c h a b l e  P i n s
Two a l l u m i n u m  r o d s  w e r e  u t i l i z e d  t o  p r e v e n t  r o t a t i o n  o f  
t h e  t o p  c a p .  T h e s e  r o d s  w e r e  t h r e a d e d  a t  t h e  b o t t o m  e n d  a n d  
t h e y  w e r e  s c r e w e d  i n t o  t h e  b a s e  o f  t h e  t r i a x i a l  c e l l .  
D e t a c h a b l e  p i n s ,  f r e e  t o  m ove  v e r t i c a l l y  on t h e  r o d s ,  w o u ld  
b e  l i n e d  u p  w i t h  two v e r t i c a l  n a r r o w  s l i t s  on  o p p o s i t e  s i d e s  
o f  t h e  t o p  c a p  a n d  s e c u r e d  i n  p l a c e  b y  f i x i n g  s c r e w s .  T h e  
v e r t i c a l  s l i t s  on  t h e  t o p  c a p  w e r e  w i d e  e n o u g h  t o  a c c o m o d a t e  
t h e  p i n s  t i g h t l y  s o  t h a t  t h e y  w e r e  n o t  f r e e  t o  m o v e  
h o r i z o n t a l l y .  H o w e v e r ,  t h e  t o p  c a p  w a s  f r e e  t o  m o v e  
v e r t i c a l l y  a s  much a s  t h e  l e n g t h  o f  t h e  s l i t s  t o  a l l o w  f o r  
t h e  v e r t i c a l  c o n s o l i d a t i o n  o f  t h e  s p e c i m e n .  A s c h e m a t i c
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d i a g r a m  o f  t h e  s i d e  r o d s  a r e  s h o w n  i n  F i g .  3 . 4 .
N o t e  t h a t  p o s i t i o n i n g  t h e  p i n s  a g a i n s t  t h e  s l i t s  w a s  
an  i m p o r t a n t  p r o c e d u r a l  d e t a i l  t o  f o l l o w  b e f o r e  p l a c i n g  and  
s e a l i n g  t h e  l a t e x  m e m b r a n e  o v e r  t h e  s p e c i m e n  a n d  t h e  c a p s .  
I t  was  a l s o  n e c e s s a r y  t o  p r e s e r v e  t h e  i n i t i a l  p o s i t i o n i n g  a s  
much a s  p o s s i b l e  a n d  n o t  t o  i n t r o d u c e  s i g n i f i c a n t  b e n d i n g  o r  
r o t a t i o n  o f  t h e  t o p  c a p  when t i g h t e n i n g  t h e  f i x i n g  s c r e w s  on 
t h e  p i n s .  D e v i a t i o n  f r o m  t h e  p e r p e n d i c u l a r  p o s i t i o n i n g  o f  
t h e  t o p  c a p  w o u l d  r e s u l t  i n  o f f - s e t t i n g  t h e  v a n e  t o  v a n e - r o d  
c o u p l i n g  p o i n t  t h u s  i n t r o d u c e  e x c e s s i v e  f r i c t i o n  ,  d i s t u r b  
t h e  s p e c i m e n ,  a n d  make i t  v e r y  d i f f i c u l t  t o  l i n e - u p  t h e  v a n e  
b l a d e s  w i t h  t h e  n a r r o w  s l i t s  a t  t h e  b o t t o m  o f  t h e  c a p .
3 . 1 .2 . 2  L a b o r a t o r y  V a n e  D e v i c e
3 . 1 . 2 . 2 . 1  V a n e  M a c h i n e
An ELE l a b o r a t o r y  v a n e  m a c h i n e  ( m o d e l  E L 2 8 - 1 8 0 )  w a s  
m o d i f i e d  s l i g h t l y  a n d  u t i l i z e d  f o r  t e s t i n g .  The m o d i f i c a t i o n  
c o n s i s t e d  o f  r e p l a c i n g  t h e  o r i g i n a l  t o r q u e  w h e e l  a t t a c h e d  t o  
t h e  r o t a t i n g  h a n d l e  w i t h  o n e  l a r g e r  i n  d i a m e t e r ,  a n d  
r e p l a c i n g  t h e  o r i g i n a l  e l e c t r i c  m o t o r  b y  a  v a r i a b l e - s p e e d ,  
r e v e r s i b l e  m o t o r  w i t h  r e m o t e  c o n t r o l  p a n e l .  T h e  d i a m e t e r  
i n c r e a s e  i n  t h e  t o r q u e  w h e e l  was  a p p r o x i m a t e l y  t e n  t i m e s  t h e  
o r i g i n a l  o n e  t h e r e f o r e  a i d e d  i n  r e d u c i n g  t h e  s p e e d  o f  
r o t a t i o n  s i g n i f i c a n t l y .  T h e  v a r i a b l e - s p e e d  m o t o r  m a d e  i t  
p o s s i b l e  t o  v a r y  a n d  c h o o s e  a n  a p p r o p r i a t e  r o t a t i o n  s p e e d  
t h a t  w o u l d  e n s u r e  l o w  a n g u l a r  r o t a t i o n  r a t e  f o r  t h e  v a n e ,  
w i t h  t h e  a s s u p m t i o n  t h a t  no e x c e s s i v e  p o r e  p r e s s u r e s  w o u l d
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d e v e l o p  i n  f r o n t  o f  t h e  v a n e  b l a d e .  T h e  r e v e r s i b i l i t y  
f e a t u r e  was  u s e d  i n  c o n j u n c t i o n  w i t h  p r o p e r  c a l i b r a t i o n  o f  
t h e  d a t a  a c q u i s i t i o n  s y s t e m .  The s p e e d  c o n t r o l  p a n e l  a n d  t h e  
r e v e r s i n g  s w i t c h  w a s  w i r e d  a n d  p l a c e d  r e m o t e l y  f r o m  t h e  
m o t o r  w h i c h  w a s  a t t a c h e d  t o  t h e  v a n e  m a c h i n e .  T h i s  s e t - u p  
p r o v i d e d  s i m u l t a n e o u s  w o r k a b i l i t y  w i t h  t h e  d a t a  a c q u i s i t i o n  
s y s t e m  a n d  i t  a l s o  p r e v e n t e d  d i s t u r b a n c e  t o  t h e  t e s t  s e t - u p  
b y  m a n u a l  i n t e r f e r e n c e .
T h e  v a n e  m a c h i n e  w a s  m o u n t e d  o n  a  s t a b l e  s t a n d  w i t h  
r u b b e r  p a d d i n g  u n d e r n e a t h  w h i c h  h e l p e d  t o  dam p b u i l d i n g  
v i b r a t i o n s .  T h e  s t a n d  w a s  d e s i g n e d  t o  v e r t i c a l l y  a d j u s t  
w i t h i n  t h e  r a n g e  o f  i o  cm. T h e  v e r t i c a l  s t e e l  r o d s  o f  t h e  
v a n e  m a c h i n e  t h a t  c a r r y  t h e  m o t o r i z i n g  u n i t ,  p u l l e y  
a r r a n g e m e n t  a n d  t h e  v e r t i c a l  s q u a r e  t h r e a d  w e r e  r e p l a c e d  by  
l o n g e r  r o d s  t o  a c c o m o d a t e  t h e  l a r g e  t r i a x i a l  c e l l .
T h e  o v e r a l l  v i e w  o f  t h e  v a n e  m a c h i n e  i s  s h o w n  i n  F i g .
3 . 3 .
3 . 1 . 2 . 2 . 2  V a n e  a n d  V a n e  Rod
D e t a i l s  o f  v a n e  a n d  v a n e  r o d  a r e  shown i n  F i g .  3 .5 .  The 
v a n e  w a s  m a d e  o f  0 . 2 5  mm t h i c k  s t a i n l e s s  s t e e l  p l a t e .  T h e  
d i a m e t e r  t o  l e n g t h  r a t i o  w as  0 . 5 .  Two l o n g i t u d i n a l  s l i t s  and  
tw o  h o r i z o n t a l  p i n s  l o c a t e d  o n  t h e  r o d  p r o v i d e d  a d e q u a t e  
c o u p l i n g  a n d  d e c o u p l i n g  a s  n e c e s s a r y  t h u s  m a k i n g  i t  p o s s i b l e  
t o  d e t a c h  t h e  v a n e  f r o m  t h e  l o n g e r  p o r t i o n  o f  t h e  v a n e  r o d .  
The  s h o r t e r  p o r t i o n  o f  t h e  v a n e  r o d  e x t e n d i n g  f r o m  t h e  
c e n t e r  o f  t h e  v a n e  a n d  b e a r i n g  t h e  l o n g i t u d i n a l  s l i t s  a t  one
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e n d ,  t a p e r e d  t o  a p o i n t  a t  t h e  o t h e r  e n d  a t  a b o u t  1 / 4  t h  t h e  
h e i g h t  o f  t h e  v a n e  f r o m  t h e  t o p .  T h e  r a t i o  o f  t h e  d i a m e t e r  
o f  t h e  r o d  e m b e d d e d  i n t o  t h e  v a n e  t o  t h e  d i a m e t e r  o f  t h e  
v a n e  w a s  0 . 3 2 .  T h i s  r a t i o  i s  l a r g e r  t h a n  t h e  t h e  d e s i r a b l e  
r a t i o  o f  0 . 1 ,  w h i c h  was  u t i l i z e d  i n  a  s i m i l a r  d e s i g n  (4 4 ) .  A 
s m a l l e r  d i a m e t e r  r a t i o  w o u l d  i n t r o d u c e  l e s s  d i s t u r b a n c e  a s  
t h e  v a n e  i s  i n s e r t e d .
3 . 1 . 2 . 2 . 3  Mi r r o r
As p a r t  o f  d a t a  a c q u i s i t i o n ,  t h e  v a n e  m a c h i n e  w as  
e q u i p p e d  w i t h  a  51  mm d i a m e t e r ,  13  mm t h i c k ,  1 / 4  w a v e  f i r s t  
s u r f a c e  p l a n e  m i r r o r .  The  m i r r o r  was  m o u n t e d  on a  m i n i a t u r e  
m o u n t  w h i c h  a l l o w e d  p o s i t i o n  a d j u s t m e n t  b y  r o t a t i o n  a b o u t  
v e r t i c a l  a n d  h o r i z o n t a l  a x e s .  T h e  m i n i a t u r e  m o u n t  w as  
p e r m e n a n t l y  f i x e d  o n  t h e  k n u r l e d  k n o b  a t  t h e  c e n t e r  o f  t h e  
g r a d u a t e d  s c a l e  o f  t h e  v a n e  m a c h i n e  s u c h  t h a t  t h e  m i r r o r  was 
p e r p e n d i c u l a r  t o  t h e  d i a l .  R o t a t i o n  o f  t h e  v a n e  was  d i r e c t l y  
i n d i c a t e d  b y  t h e  r o t a t i o n  o f  t h e  m i r r o r  c o n n e c t e d  t o  t h e  
v a n e  v-ia s h a f t  t h a t  r a n  t h r o u g h  t h e  l o a d  s p r i n g  a n d  a t t a c h e d  
t o  t h e  k n u r l e d  k n o b  o n  t h e  o p p o s i t e  s i d e .  T h e  t o t a l  
m e c h a n i s m  w a s  l u b r i c a t e d  a n d  c h e c k e d  f o r  f r i c t i o n  s p o t s  
t h o r o u g h l y  i n  o r d e r  t o  a s s u r e  c o r r e c t  t r a n s m i s s i o n  o f  v a n e  
r o t a t i o n  t o  t h e  m i r r o r .  F i g .  3 . 6  s h o w s  t h e  d e t a i l s  o f  t h e  
m i r r o r  a n d  m o u n t  s e t - u p  on t h e  v a n e  m a c h i n e  d i a l .
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F i g .  3 . 6  A V i e w  o f  t h e  V a n e  M i r r o r  a n d  M o u n t  A s s e m b l y  on  
t h e  T r i a x i a l  V a n e  m a c h i n e
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3 . 1 .3  R e s o n a n t  C o l u m n
T h e  r e s o n a n t  c o l u m n  t e s t  f o r  d e t e r m i n i n g  s o i l  m o d u l i  
a n d  d a m p i n g  o f  s o i l s  i s  b a s e d  o n  t h e  t h e o r y  o f  w a v e  
p r o p a g a t i o n  i n  e l a s t i c  r o d s .  I n  a r e s o n a n t  c o l u m n  a p p a r a t u s  
s o i l  r e s p o n s e  i s  m o n i t o r e d  f o r  a  r a n g e  o f  f r e q u e n c i e s  o f  
b o t h  l o n g i t u d i n a l  a n d  t o r s i o n a l  m o d e s  o f  e x c i t a t i o n  t o  
d e t e r m i n e  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  s o i l  s p e c i m e n .  T h e  
m o d u l u s  i s  d e t e r m i n e d  f r o m  t h e  r e s o n a n t  f r e q u e n c y  a n d  t h e  
g e o m e t r i c  p r o p e r t i e s  o f  t h e  s p e c i m e n  a n d  t h e  d r i v i n g  
a p p a r a t u s .  T h e  f o l l o w i n g  e q u a t i o n  w a s  u s e d  t o  d e t e r m i n e  
s h e a r  m o d u l u s ,  G, u s i n g  a  t o r s i o n a l  v i b r a t i o n  mode r e s o n a n t  
c o l u m n  :
2 *  TT *  f  * 1  ,
G =  ] 2 *  p  ( 1 )
3
w h e r e ,  P = . m a s s  d e n s i t y ,  f n = n a t u r a l  f r e q u e n c y  m e a s u r e d  
a t  r e s o n a n c e ,  1 -  s p e c i m e n  l e n g t h ,  3 = e x p e r i m e n t a l  
c o n s t a n t .
A D r n e v i c h  r e s o n a n t  c o l u m n  a p p a r a t u s  was  u s e d  i n  t h i s  
s t u d y .  T h e o r y  a n d  p r o c e d u r a l  d e t a i l s  o f  t h e  t e s t i n g  m e th o d  
a r e  d i s c u s s e d  i n  d e p t h  i n  a n  e a r l i e r  s t u d y  ( 5 2 ) .  T h e s e  
a s p e c t s  w i l l  n o t  b e  i n c l u d e d  w i t h i n  t h e  s c o p e  o f  t h i s  
s t u d y .
3 . 1 . 4  E q u i p m e n t  U s e d  i n  M e a s u r i n g  Low S t r a i n s
A g e n e r a l  l a y o u t  o f  d a t a  a c q u i s i t i o n  s y s t e m  i s  shown i n  
F i g .  3 . 7 .  T h i s  s y s t e m  w a s  c h o s e n  s p e c i f i c a l l y  t o  s e n s e  a n d
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r e c o r d  v e r y  s m a l l  a n g u l a r  d i s p l a c e m e n t s  o f  t h e  v a n e  v i a  
m i r r o r .  O r d i n a r i l y ,  a u t o c o l l i m a t o r  a n d  t h e  o p t i c a l  p o s i t i o n  
i n d i c a t o r  (OP-EYE) d u o  i s  u s e d  i n  a u t o m a t e d  m a n u f a c t u r i n g  
i n d u s t r y  t o  m e a s u r e  s p a t i a l  l o c a t i o n ,  o r i e n t a t i o n ,  s u r f a c e  
c o n t o u r ,  v i b r a t i o n  i n  c o n j u n c t i o n  w i t h  r o b o t  a r m s ,  c o n t r o l  
m a c h i n e  t o o l  o p e r a t i o n s  a n d  o t h e r  p r o d u c t i o n  p u r p o s e s .  
A n o t h e r  r e q u i r e m e n t  o f  t h e  d a t a  a c q u i s i t i o n  s y s t e m  was  t h e  
c a p a b i l i t y  t o  c o l l e c t  a n d  f i l e  v a s t  a m o u n t  o f  n u m e r i c a l  
d a t a .  I n t e r f a c i n g  a  m i c r o c o m p u t e r  t o  t h e  d e t e c t i o n  s y s t e m  
w a s  n e c e s s a r y  t o  e s t a b l i s h  t h e  d e d i c a t e d  d a t a  a c q u i s i t i o n  
a n d  a n a l y s i s  u n i t .  I n d i v i d u a l  p a r t s  o f  t h i s  u n i t  a r e  
d i s c u s s e d  b e l o w  .
3 . 1 . 4 . 1  E l e c t r o n i c  A u t o c o l l i m a t o r
F i g .  3 . 8  s h o w s  a  s c h e m a t i c  d i a g r a m  o f  t h e  
a u t o c o l l i m a t o r  u s e d .  An a u t o c o l l i m a t o r  f i n d s  a p p l i c a t i o n  
w h e n e v e r  f l a t n e s s ,  a n g l e  o r  p a r a l l e l i s m  i s  t o  b e  m e a s u r e d  
t o  a v e r y  h i g h  d e g r e e  o f  a c c u r a c y .  P o s i t i o n - s e n s i n g  
p h o t o d i o d e  i s  t h e  f e a t u r e  t h a t  d i f f e r e n t i a t e s  t h e  e l e c t r o n i c  
a u t o c o l l i m a t o r  f r o m  a  c l a s s i c a l  o n e  i n  w h i c h  o b s e r v e r ' s  e y e  
i s  t h e  s e n s o r .  T h e  a u t o c o l l i m a t o r  u s e d  i n  t h i s  s t u d y  w a s  
U n i t e d  D e t e c t o r  T e c h n o l o g y  (UDT) m o d e l  (M ode l  1 0 0 0 - 1 3 5 ) .  The 
s p e c i f i c a t i o n s  o f  t h i s  u n i t  a r e  g i v e n  i n  A p p e n d i x  A. As 
s h o w n  i n  F i g .  3 . 8  ,  a  h i g h  p o w e r  i n f r a r e d  l i g h t  e m i t t i n g  
d i o d e  (LED) g e n e r a t e s ’a  15  d e g r e e s  b e a m  o f  l i g h t  w h i c h  i s  
r e f l e c t e d  t h r o u g h  a  b e a m s p l i t t e r  a n d  t h e n  c o l l i m a t e d  b y  
l e n s .  T h i s  p a r a l l e l  beam i s  r e f l e c t e d  o f f  t h e  m i r r o r  u n d e r
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t e s t ,  b a c k  t h r o u g h  t h e  l e n s  a n d  b e a m  s p l i t t e r  t o  t h e  
d e t e c t o r  a s s e m b l y .  A b l o c k i n g  f i l t e r  i s  u s e d  t o  p r e v e n t  
a m b i e n t  l i g h t  f r o m  b i a s i n g  t h e  d e t e c t o r  r e a d i n g .  T h e  
d e t e c t o r  i s  a  2 a x i s  p o s i t i o n  s e n s o r  w h i c h  h a s  e l e c t r o d e  
c o n n e c t i o n s  ( p h o t o d i o d e s )  a t  f o u r  90  d e g r e e  p o s i t i o n s  a r o u n d  
i t s  e d g e  a s  w e l l  a s  a  g r o u n d  c o n n e c t i o n .  When  t h e  r e t u r n  
b e a m  f r o m  t h e  m i r r o r  u n d e r  t e s t  s t r i k e s  t h e  d e t e c t o r ,  t h e  
s i g n a l  o u t  o f  t h e  p h o t o d i o d e s  i s  p r o p o r t i o n a l  t o  t h e  a n g l e  
o f  t h e  m i r r o r .  The  f o l l o w i n g  p r o x i m i t y  f o r m u l a s  a r e  u s e d  t o  
d e t e r m i n e  c u r r e n t  X a n d  Y p o s i t i o n s  o f  t h e  i n c i d e n t  l i g h t  
beam on  t h e  d e t e c t o r  s u r f a c e  :
XI -  X2
X p o s i t i o n   --------------------  (2a)
XI + X2
Yl -  Y2
Y p o s i t i o n = --------------------- (2b)
Yl + Y2
w h e r e ,  XI a n d  X2 a r e  s i g n a l s  f r o m  s e n s o r s  on  t h e  h o r i z o n t a l  
a x i s ,  a n d  Y l  a n d  Y2 a r e  s i g n a l s  f r o m  s e n s o r s  o n  t h e  v e r t i c a l  
a x i s  ( s e e  F i g .  3 . 9 ) .  A s i n u s o i d a l  r e s p o n s e  i s  o b t a i n e d  u s i n g  
t h e  f o r m u l a s  a b o v e  a s  t h e  beam o f  l i g h t  p r o p a g a t e s  f r o m  o n e  
s e n s o r  t o  t h e  o t h e r  a l o n g  o n e  a x i s .  T h e  r e s p o n s e  i s  m o s t  
l i n e a r  i n  t h e  c e n t r a l  r e g i o n  a n d  f a l l s  o f  a t  t h e  c o r n e r s  o f  
t h e  f i e l d  o f  v i e w .  F o r  c a l i b r a t i o n  p u r p o s e s  i t  i s  i m p e r a t i v e  
e i t h e r  t o  d e t e r m i n e  a n d  u s e  t h i s  l i n e a r  p o r t i o n  o f  t h e  
r e s p o n s e  o r  c o r r e c t  t h e  n o n l i n e a r  r e s p o n s e  w i t h i n  t h e  
s o f t w a r e  t h a t  c o l l e c t s  an d  a n a l y z e s  d a t a .  I n  t h i s  s t u d y  o n l y
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t h e  h o r i z o n t a l  a x i s  s e n s o r  r e s p o n s e  a n d  t h e  l i n e a r  p o r t i o n  
o f  t h i s  r e s p o n s e  was  u t i l i z e d  b o t h  f o r  c a l i b r a t i o n  a n d  d a t a  
c o l l e c t i o n .  T h e  l e n s  f o c a l  l e n g t h  d e t e r m i n e s  t h e  a n g u l a r  
c o v e r a g e  a n d  r e s o l u t i o n  o f  M o d e l  1 0 0 0  a u t o c o l l i m a t o r .  
F o c u s i n g  i s  n o t  n e c e s s a r y  s i n c e  o n l y  t h e  p o s i t i o n  o f  t h e  
c e n t r o i d  o f  t h e  l i g h t  beam i s  s e n s e d .
3 . 1 . 4 . 2  O p t i c a l  P o s i t i o n  I n d i c a t o r  (OP-EYE)
UDT OP-EYE i s  a  m i c r o c o m p u t e r  p e r i p h e r a l  f o r  IEEE -488  
an d  RS-232C s t a n d a r d  b u s e s .  The s p e c i f i c a t i o n s  o f  t h i s  u n i t  
a r e  a l s o  g i v e n  i n  A p p e n d i x  A.
When l i g h t  f a l l s  o n  t h e  d e t e c t o r  s u r f a c e  a n d  c a u s e s  a 
c u r r e n t  f l o w  i n  e a c h  o f  t h e  p h o t o d i o d e s  p r o p o r t i o n a l  t o  s p o t  
p r o x i m i t y ,  t h e  OP-EYE e l o c t r o n i c s  r e p o r t  t o  t h e  c o n t r o l l i n g  
c o m p u t e r  t h e  m a g n i t u d e  o f  c u r r e n t  f o r  a n y  c h a n n e l  s e l e c t e d  
b y  t h e  c o m p u t e r .  S i g n a l s  f r o m  t h e  p h o t o d i o d e s  a r e  a m p l i f i e d  
an d  t h e n  d i g i t i z e d  i n  a n  A/D c o n v e r t e r .  The d i g i t a l  v a l u e s  
a r e  t h e n  c o n v e r t e d  t o  A S C I I  c o d e  f o r  t r a n s m i s s i o n  t o  t h e  
c o m p u t e r .  C o m m u n i c a t i o n  b e t w e e n  OP-EYE a n d  t h e  c o m p u t e r  i s  
d o n e  t h r o u g h  u s e  o f  a  few  o p e r a t i o n a l  commands i n t e r p r e t e d  
b y  OP-EYE.  I n i t i a l l y  a  s e r i e s  o f  s e t - u p  c o m m a n d s  a r e  s e n t  
t o  OP-EYE f o r  s p e c i f i c  i n s t r u c t i o n s  t h a t  s e t  c h a n n e l  n u m b e r ,  
g a i n ,  o p e r a t i o n  m o d e ,  s c a n  r a n g e  a n d  s t a r t  p o i n t ,  e t c .  f o r  
o p e r a t i o n .  T h e n  e a c h  t i m e  a n  "R" com m and  ( s h o r t  f o r  ' r e a d ' )  
i s  s e n t  , OP-EYE m e a s u r e s  a n d  r e p l i e s  w i t h  d a t a  t o  t h e  
c o m p u t e r .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
l
POWER
OP-EYESIGNAL
MULTIPLEXER ANO A/O
MIRROR AUTOCOLLIMATOR
COMPUTER
DATA ACQUISITION ASSEMBLY
F i g .  3 .7  D a t a  A c q u i s i t i o n  S y s t e m
Ul
U l
56
I n  t h i s  s t u d y ,  OP-EYE M o d e l  4 w a s  u t i l i z e d  d u e  t o  i t s  
1 6 - b i t  r e s o l u t i o n  A/D c o n v e r t e r  c a p a b i l i t y  w h i c h  m a d e  i t  
p o s s i b l e  t o  o b t a i n  h i g h e r  r e s o l u t i o n  (1 p a r t  i n  6 5 , 5 3 6 )  t h u s  
s e n s e  s m a l l e r  a n g u l a r  d i s p l a c e m e n t s .  Two a s s e m b l y  l a n g u a g e  
r o u t i n e s  w e r e  u s e d  i n  c o n j u n c t i o n  w i t h  t h e  m a i n  s o f t w a r e  
p a c k a g e  w r i t t e n  i n  F o r t r a n  77  t o  r e a d / w r i t e  t o  R S - 2 3 2 C  
p o r t s .  Thus  t h e  ASCII v a l u e s  t r a n s m i t t e d  f r o m  OP-EYE c o u l d  
b e  r e a d  b y  t h e  c o n t r o l l i n g  c o m p u t e r  v i a  F o r t r a n  p r o g r a m ,  
w h i c h  w e r e  t h a n  c o n v e r t e d  t o  n u m b e r s  a n d  s t o r e d .  F i g .  3 .9  
s u m m a r i z e s  t h e  b a s i c  o p e r a t i o n  o f  d a t a  a c q u i s i t i o n  s y s t e m  
v i a  s c h e m a t i c  r e p r e s e n t a t i o n .
3 . 1 . 4 . 3  M i  c r o c o m p u t e r
A 16 b i t  m i c r o c o m p u t e r  w i t h  256 K i l o b y t e s  m a i n  memory 
a n d  1 0  M e g a b y t e s  d i s k  s t o r a g e  w a s  u s e d .  C o l o r  g r a p h i c s  
d i s p l a y  c a p a b i l i t i e s  o f  t h e  c o m p u t e r  w e r e  u t i l i z e d  t h r o u g h  
g r a p h i c s  l i b r a r i e s  c a l l e d  f r o m  F o r t r a n  p r o g r a m s .  T h e  
m i c r o c o m p u t e r  u s e d  w a s  a  Z e n i t h  D a t a  S y s t e m s  M o d e l  Z - 1 0 0 ,  
w h i c h  r u n s  MS-DOS o p e r a t i n g  s y s t e m  f o r  w h i c h  a  n u m b e r  o f  
F o r t r a n  c o m p i l e r s  w e r e  a v a i l a b l e .
The  d a t a  a c q u i s i t i o n  a n d  a n a l y s i s  s o f t w a r e  w e r e w r i t t e n  
i n  M i c r o s o f t  F o r t r a n - 7 7 .  The m a i n  s e g m e n t s  o f  p r o g r a m s  w e r e :
A. C a l i b r a t i o n  a n d  d a t a  c o l l e c t i o n  p r o g r a m s  (OPINIT,OPCALIB) 
T h e s e  p r o g r a m s  a r e  u s e d  t o  i n i t i a l l y  p o s i t i o n  a n d  
c a l i b r a t e  t h e  t e s t  s e t - u p  i n t e r a c t i v e l y  a n d  t h e n  c o l l e c t  and  
s t o r e  d a t a .  D u r i n g  t e s t i n g ,  p o s i t i o n a l  i n p u t s  f r o m  t h e  
o p t i c a l  s e n s o r s  a r e  d i s p l a y e d  g r a p h i c a l l y  i n  r e a l - t i m e
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t h e r e f o r e  m a k i n g  i t  p o s s i b l e  t o  m o n i t o r  p r o g r e s s  o f  t h e  
t e s t .
B.  D a t a  s m o o t h i n g  p r o g r a m  (0PAUX1)
T h i s  p r o g r a m  i s  u s e d  t o  f i l t e r  e x c e s s i v e  n o i s e  i n  d a t a  
b y  m e a n s  o f  m o v i n g  a v e r a g e s .  The v a r i o u s  p a r a m e t e r s  i n v o l v e d  
i n  t h e  m e t h o d  a r e  s p e c i f i e d  i n t e r a c t i v e l y .
C . D a t a  m a n i p u l a t i o n  a n d  a n a l y s i s  p r o g r a m s  
(OPAUX2,OPAUX3, OPSTR, RESON)
T h e s e  p r o g r a m s  a r e  u s e d  t o  m a n i p u l a t e  l a r g e  a m o u n t s  o f  
c o l l e c t e d  d a t a  b y  u s e  o f  i n t e r a c t i v e  g r a p h i c a l  d i s p l a y s .  
C u r v e  f i t t i n g  a n d  r e g r e s s i o n  m e t h o d s  a r e  e m p l o y e d  a n d  
p a r a m e t e r s  u s e d  b y  t h e s e  p r o g r a m s  c a n  b e  c h a n g e d  
i n t e r a c t i v e l y .
T h e  l i s t i n g s  o f  t h e  p r o g r a m s  c i t e d  a b o v e  a r e  g i v e n  i n  
A p p e n d i x  B. F i g .  3 . 1 0  s h o w s  t h e  g e n e r a l  v i e w  o f  t h e  t e s t  
s e t - u p  a n d  d a t a  a c q u i s i t i o n  e q u i p m e n t  u s e d  i n  t h i s  s t u d y .
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3.2  SAMPLE PREPARATION
3 . 2 .1  S l u r r y  P r e p a r a t i o n
A r t i f i c i a l  s a m p l e s  w e r e  p r e p a r e d  f r o m  G e o r g i a  
k a o l i n i t e ,  i n d e x  p r o p e r t i e s  o f  w h i c h  a r e  g i v e n  i n  T a b l e  3 .1 .  
D r y  s o i l  w a s  m i x e d  w i t h  d i s t i l l e d  w a t e r  t o  m a k e  s l u r r y  a t  
a b o u t  1 0 0  % w a t e r  c o n t e n t .  T h e  s l u r r y  w a s  p r e p a r e d  i n  a 
l a r g e  s c a l e  l a b o r a t o r y  m i x e r  a n d  l e f t  t o  s t a n d  o v e r n i g h t  i n  
a  c o v e r e d  c o n t a i n e r .  I t  w a s  p o u r e d  i n t o  p l e x i g l a s s  
c o n s o l i d a t i o n  c e l l s  ( s e e  F i g .  3 . 2 )  i n  l a y e r s ,  s h a k e n  t o  
f o r c e  o u t  p o c k e t s  o f  a i r .  T h e  c o n s o l i d a t i o n  c e l l s  w e r e  
p l a c e d  i n  s e p e r a t e  b u c k e t s  a n d  i m m e r s e d  i n  w a t e r .  L o a d i n g  
w a s  d o n e  i n  i n c r e m e n t s  o f  1 0  k g  w e i g h t s  a t  e q u a l  i n t e r v a l s  
up  t o  t h e  d e s i r e d  p r e s s u r e  o f  l k g / c m 2 .
3 .2 .2  E s t i m a t i o n  o f  C o n s o l i d a t i o n  T im e
F i n i t e  s t r a i n  t h e o r y  and  a p r a c t i c a l  p r o c e d u r e  b a s e d  
o n  t h i s  t h e o r y  ( 1 6 )  w a s  u t i l i z e d  i n  e s t i m a t i n g  a 
c o n s e r v a t i v e  d u r a t i o n  o f  l o a d i n g  f o r  a p p r o x i m a t e l y  92% 
c o n s o l i d a t i o n  o f  t h e  s l u r r y  m a t e r i a l  a t  1 k g / c m 2 p r e s s u r e .
C o m p r e s s i o n  c u r v e  a n d  Cv v a l u e s  o f  t h e  same s o i l  m ix ed  
a t  l i q u i d  l i m i t  w e r e  o b t a i n e d  t h r o u g h  a  s t a n d a r d  
c o n s o l i d a t i o n  t e s t  ( s e e  A p p e n d i x  C ) .  U s i n g  a r e l a t i o n  
d e r i v e d  f r o m  t h e  g o v e r n i n g  e q u a t i o n  o f  f i n i t e  s t r a i n  t h e o r y ,  
a  t h e o r e t i c a l  c u r v e  w a s  f i t  t o  t h e  c o m p r e s s i o n  d a t a  ( s e e  
A p p e n d ix  C) .  The t h e o r e t i c a l  r e l a t i o n  i s  a s  f o l l o w s  :
e  = ( e 0 “  e0 0 > e x P (  -  A o '  ) + e 00 ( 3 )
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w h e r e ,  e  = v o i d  r a t i o ,  e 0  = v o i d  r a t i o  a t  z e r o  e f f e c t i v e  
s t r e s s ,  e^o = v o i d  r a t i o  a t  i n f i n i t e  e f f e c t i v e  s t r e s s ,  
X = l i n e a r i z a t i o n  c o n s t a n t  , an d  a 1 = e f f e c t i v e  s t r e s s .  
T h e  b e s t  f i t t i n g  c u r v e  t o  t h e  e x p e r i m e n t a l  o n e  w a s  u s e d  t o  
e s t i m a t e  a l i n e a r i z a t i o n  c o n s t a n t  v a l u e ,  X . A b a s i c  
l a n g u a g e  p r o g r a m  w i t h  i n t e r a c t i v e  g r a p h i c s  r o u t i n e  w as  
u t i l i z e d  t o  f i t  a  c u r v e  t o  e x p e r i m e n t a l  d a t a  a n d  e s t i m a t e  
X * T h e  v a l u e  o f  X w a s  t h a n  u s e d  t o  d e t e r m i n e  a n o t h e r  
c o n s t a n t ,  N, d i m e n s i o n l e s s  g o v e r n i n g  e q u a t i o n  p a r a m e t e r .  The 
r e l a t i o n  b e t w e e n  N a n d  X i s  g i v e n  a s  f o l l o w s  :
N = X * i * (  Y s -  Y w ) (4)
w h e r e ,  1 = l a y e r  t h i c k n e s s  i n  m a t e r i a l  c o o r d i n a t e s ,  y s  , 
Y w  a r e  u n i t  w e i g h t  o f  s o l i d s  a n d  w a t e r ,  r e s p e c t i v e l y ,  and  
1 = h / ( l  + e 0 ) (5)
w h e r e ,  h = l a y e r  t h i c k n e s s  a s  d e p o s i t e d .
A f a m i l y  o f  d i m e n s i o n l e s s  c u r v e s  o f  U, p e r c e n t  c o n s o l i d a t i o n  
v e r s u s .  Tv ,  t i m e  f a c t o r  ( 1 ) ,  d e r i v e d  f r o m  f i n i t e  s t r a i n  
t h e o r y ,  w e r e  u s e d  t o  e s t i m a t e  t i m e  f a c t o r  T v a t  92% 
c o n s o l i d a t i o n .  T h e s e  c u r v e s  w e r e  f u n c t i o n s  o f  f a c t o r  N, 
d e p o s i t i o n  a n d  d r a i n a g e  c o n d i t i o n s .  T y p i c a l  c u r v e s  f o r  
n o r m a l l y  c o n s o l i d a t e d ,  d o u b l y  d r a i n e d  a n d  u n c o n s o l i d a t e d ,  
d o u b l y  d r a i n e d  l a y e r s  o f  l i n e a r  f i n i t e  s t r a i n  t h e o r y  a r e  
r e p r o d u c e d  i n  F i g s .  3 .11  a n d  3 . 1 2 ,  r e s p e c t i v e l y .  C u r v e s  f o r  
N = 0 .0  c o r r e s p o n d  t o  m a t e r i a l  w i t h  e s s e n t i a l l y  no  s e l f  
w e i g h t .  As N v a l u e  i n c r e a s e s  t h e  t h i c k n e s s  o f  t h e  l a y e r  and  
s e l f  w e i g h t  o f  t h e  m a t e r i a l  i n c r e a s e .
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F o r  t h e  c a s e  o f  s l u r r y  m a t e r i a l  d e p o s i t e d  i n  t h e  
c o n s o l i d a t i o n  c e l l s ,  c u r v e s  f o r  u n c o n s o l i d a t e d , d o u b l y  
d r a i n e d  l a y e r s  w e r e  u s e d .  T h e  c u r v e  f i t t i n g  t o  t h e  
c o m p r e s s i o n  d a t a  ( s e e  A p p e n d ix  C) r e s u l t e d  i n  X v a l u e  o f  
1 . 0 7  a n d  a  c o r r e s p o n d i n g  N v a l u e  o f  9 . 7 7 ,  w h i c h  w a s  r o u n d e d  
t o  10 .  U s i n g  t h e  Cv v a l u e s  o b t a i n e d  f r o m  c o n s o l i d a t i o n  t e s t  
( s e e  A p p e n d i x  C) a n d  t h e  t i m e  f a c t o r  e s t i m a t e d  f r o m  U v s  Tv 
c u r v e  f o r  N = 1 0 ,  t h e  92% c o n s o l i d a t i o n  t i m e  f o r  t h e  l a r g e  
s a m p l e s  w e r e  e s t i m a t e d  t o  b e  a t o t a l  o f  1 0  d a y s  f o r  f i n a l  
c o n s o l i d a t i o n  p r e s s u r e  o f  1 k g / c m  . U s i n g  N =0 ,  t h a t  i s  
a s s u m i n g  n o  s e l f  w e i g h t  f o r  t h e  m a t e r i a l ,  t h e  t i m e  w as  
e s t i m a t e d  t o  b e  20  d a y s .  A v a l u e  o f  15 d a y s  w a s  c h o s e n  f o r  
t o t a l  l o a d i n g  p e r i o d .
3 . 2 .3  S p e c i m e n  P r e p a r a t i o n
The  c o n s o l i d a t e d  s o i l  s a m p l e  w o u l d  b e  e x t r a c t e d  o u t  o f  
t h e  p l e x i g l a s s  c e l l  a n d  c u t  i n t o  tw o  p o r t i o n s .  One p o r t i o n  
was u s e d  t o  t r i m  a  5 cm d i a m e t e r  s p e c i m e n  f o r  t r i a x i a l  v a n e  
t e s t ,  a n d  t h e  o t h e r  w a s  u s e d  t o  t r i m  a 3 . 5 6  cm d i a m e t e r  
s p e c i m e n  f o r  r e s o n a n t  c o l u m n  t e s t .  T h e  w a t e r  c o n t e n t ,  w e i g h t  
a n d  d i m e n s i o n s  o f  e a c h  s p e c i m e n  w e r e  m e a s u r e d  a n d  r e c o r d e d .  
T h e r e  w e r e  35 s p e c i m e n s  t e s t e d .  A num b e r  o f  t h e s e  s p e c i m e n s  
w e r e  t e s t e d  t o  e s t a b l i s h  a  w e l l  d e f i n e d  t e s t i n g  t e c h n i q u e  
a n d / o r  f o r  c a l i b r a t i o n  p u r p o s e s .  C o m p l e t e  d a t a  p e r t a i n i n g  t o  
23 o f  t h e m  a r e  u s e d  a n d  r e p o r t e d  i n  h e r e .  T h e  i n i t i a l  
a v e r a g e  i n d e x  p r o p e r t i e s  f o r  t h e s e  s p e c i m e n s  a r e  g i v e n  i n  
T a b l e  3 . 1 .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
64
T a b l e  3 . 1  I n d e x  P r o p e r t i e s  o f S o i l  S p e c i m e n s
Water  C o n t e n t  (%) ..................  63
Bulk  D e n s i t y  (kN/m9 ) ..................  1 5 . 7 5
Void R a t i o  ..................  1 . 7 0 4
L i q u i d  L i m i t  ..................  64
P l a s t i c  L i m i t  ..................  34
P l a s t i c i t y  i n d e x ...............................  30
S p e c i f i c  G r a v i t y  ..................  2 .6 5
% F i n e r  t h a n  2 pm s i z e  . . .  90
3 .3  TESTING
3 . 3 .1  R e s o n a n t  C o lu m n  T e s t i n g
R e s o n a n t  c o l u m n  t e s t i n g  g e n e r a l l y  f o l l o w e d  s t a n d a r d  
p r o c e d u r e s .  An e a r l i e r  s t u d y  (5 2 )  d o c u m e n t s  t h e  t h e o r y  a n d  
p r o c e d u r e  o f  t h e  L S U / C i v i l  E n g i n e e r i n g  D r e n e v i c h  r e s o n a n t  
c o l u m n  a p p a r a t u s  u s e d  i n  t h i s  i n v e s t i g a t i o n  a l s o .  T h e r e f o r e ,  
d e s c r i p t i o n  o f  r e s o n a n t  c o l u m n  t e s t i n g  w i l l  n o t  b e  i n c l u d e d  
h e r e i n .
H - e w e v e r ,  i t  i s  i m p e r a t i v e  t o  n o t e  t h a t ,  i n  t h i s  
i n v e s t i g a t i o n  t h e  c u r r e n t  t o  t h e  d r i v i n g  c o i l s  w a s  
a t t e n u a t e d  s i g n i f i c a n t l y  t o  a c h i e v e  s m a l l e r  m a g n i t u d e s  o f  
s h e a r  s t r a i n  a m p l i t u d e .  T h i s  w a y  d e g r a d a t i o n  o f  s h e a r  
m o d u l u s  r e d u c t i o n  c u r v e s  f o r  t h e  s o f t  s p e c i m e n s  c o u l d  b e  
e l i m i n a t e d  s i g n i f i c a n t l y  d u e  t o  l o w e r  s t r a i n  v i b r a t i o n s .  
D i f f i c u l t y  a r o u s e  when o c c a s i o n a l l y  c a l i b r a t i o n  l i m i t a t i o n s  
o f  t h e  a c c e l e r o m e t e r  w e r e  e x c e e d e d  d u e  t o  weak s i g n a l ,  and  
r e s o n a n c e  c o n d i t i o n  c o u l d  n o t  b e  d e t e c t e d  a c c u r a t e l y .  
I n c r e a s i n g  t h e  m a g n i t u d e  o f  t h e  d r i v i n g  c u r r e n t  s l i g h t l y
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e l i m i n a t e d  t h i s  c o n d i t i o n .  R e s o n a n t  c o l u m n  t e s t  s p e c i m e n s  
w e r e  s u b j e c t e d  t o  i d e n t i c a l  t e s t  c o n d i t i o n s  a s  t r i a x i a l  v a n e  
t e s t  s p e c i m e n s .  T h e y  w e r e  c o n f i n e d  a n d  t e s t e d  u n d e r  s a m e  
p r e s s u r e s  a n d  d r a i n a g e  c o n d i t i o n s .
A l t h o u g h  s i z e  o f  t h e  s p e c i m e n s  w e r e  d i f f e r e n t  b e c a u s e  o f  
e q u i p m e n t  r e q u i r e m e n t s ,  d u r a t i o n  o f  c o n s o l i d a t i o n  
c o n f i n e m e n t  w as  k e p t  a p p r o x i m a t e l y  t h e  sam e.  D a t a  o b t a i n e d  
f r o m  t h e  r e s o n a n t  c o l u m n  t e s t i n g  w a s  r e d u c e d  a n d  p l o t t e d  
u s i n g  p r o g r a m  RESON (A p p e n d ix  B).
3 . 2 . 3  T r i a x i a l  V a n e  T e s t i n g
The  f o l l o w i n g  p r o c e d u r e  was  e s t a b l i s h e d  a n d  f o l l o w e d  t o  
p r e p a r e  a n d  m o u n t  a  s p e c i m e n  f o r  t r i a x i a l  v a n e  t e s t i n g  :
1 .  T r i m  a  s p e c i m e n  o f  5 cm d i a m e t e r  a n d  8 . 6  cm l e n g t h .
2.  M oun t  t h e  b o t t o m  c a p  on t h e  b o t t o m  a d a p t o r  a n d  p l a c e  
t h e  b o t t o m  p o r o u s  s t o n e  i n s i d e  t h e  c a p .
3 .  L e t  d i s t i l l e d  w a t e r  r i s e  i n s i d e  t h e  c a p  b y  o p e n i n g  
t h e  l o w e r  d r a i n a g e  v a l v e  w h i c h  i s  c o n n e c t e d  t o  a g r a d u a t e d  
b u r e t t e .  L o w e r i n g  a n d  r a i s i n g  t h e  b u r e t t e  s e v e r a l  t i m e s  w i l l  
h e l p  t o  e x t r a c t  a i r  t r a p p e d  w i t h i n  t h e  l i n e  a n d  c o n n e c t i o n s .
4 .  P l a c e  t h e  s p e c i m e n  o n  t h e  e d g e s  o f  b o t t o m  c a p ,  p u s h  
g e n t l y  i n t o  t h e  c a p  h o u s i n g .  Keep t h e  d r a i n a g e  v a l v e  o p e n  s o  
t h a t  t h e  e x t r a  w a t e r  m o v e s  b a c k  u p  t h e  b u r e t t e .  R e m o v e  t h e  
s o i l  t r i m m e d  b y  t h e  e d g e s  o f  t h e  c a p  a n d  l e v e l  t h e  b o u n d a r y  
a r e a .
5 .  P l a c e  t h e  t o p  p o r o u s  s t o n e  a n d  t h e  t o p  c a p  
c o n t a i n i n g t h e  v a n e ,  o n  t h e  s p e c i m e n .  R o t a t e  t h e  c a p  s u c h
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t h a t  t h e  s i d e  s l i t s  a r e  l i n e d  u p  w i t h  t h e  s c r e w  h o l e s  a t  t h e  
b a s e  o f  t h e  c e l l  w h e r e  t h e  s i d e  r o d s  b e a r i n g  t h e  h o r i z o n t a l  
p i n s  a r e  t o  b e  i n s t a l l e d .  S e c u r e  t h e  e x a c t  p l a c e  o f  t h e  t o p  
c a p  b y  p l a c i n g  a  l a y e r  o f  t e f l o n  t a p e  a r o u n d  i t s  l o w e r  
p o r t i o n  i n  c o n t a c t  w i t h  t h e  p o r o u s  s t o n e .
6 .  P l a c e  t h e  l a t e x  m e m b r a n e  a n d  O - s e a l s  a b o u t  t h e  
s p e c i m e n ,  m a k i n g  s u r e  t o  c o v e r  a l l  o f  t h e  b o t t o m  c a p ,  a n d  
p a r t  o f  t h e  t o p  c a p  w i t h o u t  b l o c k i n g  t h e  s i d e  s l i t s .
7 .  S c r e w  i n  t h e  s i d e  r o d s  w i t h  t h e  h o r i z o n t a l  p i n s  
a l r e a d y  i n s e r t e d  i n t o  t h e  s l i t s  on t h e  s i d e s  o f  t h e  t o p  c a p .  
S e c u r e  t h e  p i n s  b y  t i g h t e n i n g  t h e  f i x i n g  s c r e w s  . Make s u r e  
t h a t  t h e  t o p  c a p  d o e s  n o t  t i l t  o r  r o t a t e  f r o m  i t s  o r i g i n a l  
p o s i t i o n  d u r i n g  t h i s  p r o c e s s .
8 .  C o n n e c t  t h e  l i n e  t h a t  l e a d s  t o  p o r e  p r e s s u r e  
t r a n s d u c e r  a n d  d i s t i l l e d  w a t e r  r e s e r v o i r  t o  t h e  t o p  c a p .  
Open t h e  v a l v e  t o  t h e  w a t e r  r e s e r v o i r  a n d  l e t  t h e  w a t e r  f i l l  
t h e  v a n e  h o u s i n g  b y  k e e p i n g  t h e  a i r  v e n t  c h a n n e l  o p e n .  S e a l  
t h e  a i r  v e n t  c h a n n e l  a n d  c l o s e  t h e  v a l v e  t o  t h e  r e s e r v o i r  
a f t e r  f i l l i n g  p r o c e s s  i s  c o m p l e t e d .  Do n o t  p r e s s u r i z e  t h e  
r e s e r v o i r  t o  f i l l  t h e  h o u s i n g  a s  t h i s  m ay  c a u s e  w a t e r  t o  
s e e p  b e t w e e n  t h e  l a t e x  m e m b r a n e  a n d  t h e  s p e c i m e n  a n d  
c o m p l i c a t e  s u b s e q u e n t  p o r e  w a t e r  p r e s s u r e  m e a s u r e m e n t s .
9 .  M o u n t  t h e  p l e x i g l a s s  c y l i n d e r  a n d  t h e  h e a d  o f  t h e  
c e l l  w i t h  t h e  p i s t o n  w i t h  t h e  v a n e  r o d  a l r e a d y  i n  p l a c e .  
When m o u n t i n g  t h e  h e a d  p i e c e ,  e x t e n d  t h e  v a n e  r o d  s u c h  t h a t  
t h e  p i n s  o n  t h e  r o d  w o u l d  m e e t  t h e  s l i t s  o n  t h e  s h o r t e r
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p o r t i o n  o f  t h e  r o d .  P u s h  a g a i n s t  t h e  v a n e  s o  t h a t  t h a t  t h e  
t i p  o f  t h e  p i s t o n  w i l l  g e n t l y  l o w e r  i n t o  t h e  d e p r e s s i o n  a t  
t h e  c e n t e r  o f  t h e  c a p .  T h e  p i s t o n  w i l l  n o t  r e s t  o n  t h e  
s p e c i m e n  h o w e v e r  w i l l  h e l p  t o  p u s h  a g a i n s t  an d  s t r a i g h t e n  i t  
i f  i t  h a s  d e v i a t e d  f r o m  p e r p e n d i c u l a r  p o s i t i o n .
1 0 .  T u r n  t h e  v a n e  r o d  t o  m e e t  t h e  s l i t s  a t  t h e  b o t t o m  
o f  t h e  t o p  c a p ,  h o w e v e r  DO NOT i n s e r t  t h e  v a n e  a t  t h i s  t i m e .  
When t u r n i n g  t h e  v a n e  m ake  s u r e  t h e  f l a t  s i d e  a t  t h e  t o p  o f  
t h e  r o d  c o i n c i d e s  w i t h  t h e  h o l e  on  t h e  r o t a t i n g  s o c k e t  o f  
t h e  v a n e  m a c h i n e  w h i c h  i s  u s e d  t o  c o u p l e  t h e  v a n e  r o d  a n d  
t h e  c e n t r a l  s h a f t  l e a d i n g  t o  t h e  d i a l  a s s e m b l y  o f  t h e  
m a c h i n e .  T h e  m i r r o r  a t  t h e  o t h e r  e n d  o f  t h e  s h a f t ,  s h o u l d  
h a v e  a l r e a d y  b e e n  a l i g n e d  w i t h  t h e  a u t o c o l l i m a t o r  l e n s  a t  
t h i s  t i m e .  I n  c a s e  a l i g n m e n t  o f  t h e  f l a t  s i d e  o f  t h e  v a n e  
r o d  w i t h  t h e  r o t a t i n g  s o c k e t  h o l e  i s  n o t  a c h i e v e d  a t  t h i s  
s t a g e ,  p o s i t i o n i n g  c a n  b e  c o r r e c t e d  b y  r o t a t i n g  t h e  t r i a x i a l  
c e l l .
I T .  C o n n e c t  t h e  t i e  r o d s  o f  t h e  c e l l  a n d  t i g h t e n  t h e m  
s e c u r e l y .  F i l l  t h e  t h e  t r i a x i a l  c e l l  w i t h  t h e  c o n f i n i n g  
l i q u i d  ( d i s t i l l e d  w a t e r )  a n d  t i g h t e n  t h e  a i r  v e n t  s c r e w .  
A d j u s t  t h e  p o r e  w a t e r  p r e s s u r e  t r a n s d u c e r  r e a d - o u t  t o  z e r o .  
A d j u s t  t h e  l e v e l  o f  w a t e r  i n  t h e  d r a i n a g e  b u r e t t e  s u c h  t h a t  
i t  i s  a p p r o x i m a t e l y  a l i g n e d  w i t h  t h e  c e n t e r  o f  t h e  s p e c i m e n .  
( M a i n t a i n  t h i s  l e v e l  by  m o v i n g  t h e  b u r e t t e  down p e r i o d i c a l l y  
d u r i n g  t h e  c o n s o l i d a t i o n  p h a s e  o f  t e s t i n g ) .  R e c o r d  a l l  
i n i t i a l  r e a d i n g s ;  c h e c k  t o  m a k e  s u r e  v a l v e  t o  t h e  w a t e r  
r e s e r v o i r  i s  c l o s e d ,  v a l v e  t o  t h e  d r a i n a g e  b u r e t t e  i s  o p e n ,
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a n d  t h e  v a n e  r o d  i s  p r o p e r l y  a l i g n e d  w i t h  t h e  m i r r o r  s h a f t  
a t t a c h m e n t  l o c a t i o n .  A p p l y  t h e  d e s i r e d  c e l l  p r e s s u r e .
A l l  t h e  s p e c i m e n s  w e r e  c o n s o l i d a t e d  u n d e r  1 0 0  k P a  
(~1 k g /c m 2 ) c o n f i n i n g  p r e s s u r e .  C o n s o l i d a t i o n  was  m o n i t o r e d  
b y  o b s e r v i n g  t h e  p o r e  p r e s s u r e  d i s s i p a t i o n  a t  t h e  t o p  o f  t h e  
s p e c i m e n  a n d  d r a i n a g e  r a t e  a t  t h e  b o t t o m .  T y p i c a l  p o r e  
p r e s s u r e  r e d u c t i o n  a n d  d r a i n a g e  r a t e  c u r v e s  a r e  g i v e n  i n  
A p p e n d i x  C. T h e  v a l u e  o f  B p a r a m e t e r  r a n g e d  f r o m  0 . 9 5  t o  
s l i g h t l y  o v e r  1 . 0 ,  i n d i c a t i n g  n e a r l y  1 0 0  % s a t u r a t i o n  f o r  
a l l  s p e c i m e n s .
T h r e e  s e t s  o f  t e s t s  w e r e  c o n d u c t e d .  The  i n i t i a l  s e t  o f  
s p e c i m e n s  ( 8 s p e c i m e n s  ) w e r e  c o n s o l i d a t e d  a t  1 0 0  k P a  a n d  
t e s t e d  a t  1 0 0  k P a  o f  p r e s s u r e .  T h e  s e c o n d  ( 10  s p e c i m e n s )  
a n d  t h i r d  ( 5 s p e c i m e n s )  s e t s  w e r e  a l s o  c o n s o l i d a t e d  a t  100 
k P a ,  h o w e v e r  t h e y  w e r e  t e s t e d  a t  2 0 0  k P a  a n d  3 0 0  k P a  o f  
p r e s s u r e ,  r e s p e c t i v e l y .  D a t a  p e r t a i n i n g  t o  3 d i f f e r e n t  p o r e  
p r e s s u r e  r a t i o s  (ue x c e s s / P t )  w e r e  o b t a i n e d .  T h i s  p r o c e d u r e  
made  i t  p o s s i b l e  t o  i n c o r p o r a t e  e x c e s s  p o r e  p r e s s u r e  e f f e c t s  
i n t o  t h e  a n a l y s i s  i n  a  c o n t r o l a b l e  f a s h i o n .
V ane  was  l o w e r e d  i n t o  t h e  s p e c i m e n  a f t e r  t h e  c o n f i n i n g  
p r e s s u r e  w a s  a p p l i e d .  I n s e r t i o n  o f  t h e  v a n e  w a s  d o n e  
m a n u a l l y  b y  a  s l o w ,  s t e a d y  p u s h .  The  v a n e  w o u l d  r e a c h  a b o u t  
t o  t h e  m i d - h e i g h t  o f  t h e  s p e c i m e n  when  a p p r o x i m a t e l y  2 .5  cm 
o f  t h e  t o p  e n d  o f  t h e  v a n e  r o d  r e m a i n  a b o v e  t h e  p i s t o n .  
S i n c e  t h e s e  d i s t a n c e s  w e r e  p r e - d e s i g n e d ,  i t  was  n e c e s s a r y  t o  
h a v e  a s p e c i m e n  t r i m m e d  t o  t h e  s p e c i f i e d  l e n g t h  o f  8.6
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( + / -  0 . 1 )  c m ,  a s  i n d i c a t e d  i n  t h e  s p e c i m e n  m o u n t i n g  
p r o c e d u r e s  a b o v e .  C o n s o l i d a t i o n  w o u l d  p r o g r e s s  w i t h  t h e  v a n e  
a l r e a d y  i n s e r t e d .  D u r a t i o n  f o r  d i s s i p a t i o n  o f  i n i t i a l  p o r e  
p r e s s u r e  t o  1 0  % o f  t h e  c o n f i n i n g  p r e s s u r e  ( 1 0 0  k P a )  w a s  
a p p r o x i m a t e l y  24 h r s .  T h i s  d u r a t i o n  o f  c o n f i n e m e n t  w as  w e l l  
a b o v e  t h e  4 h r s  p e r i o d  o f  t i m e  e s t i m a t e d  b y  o t h e r  
i n v e s t i g a t o r s  (36) f o r  d i s s i p a t i o n  o f  p o r e  w a t e r  p r e s s u r e s  
i n  s a t u r a t e d  c l a y s  g e n e r a t e d  b y  i n s e r t i o n  o f  t h e  v a n e .  A 
s l i g h t  i n c r e a s e  i n  p o r e  p r e s s u r e  r e a d i n g  was  o b s e r v e d  d u r i n g  
i n s e r t a t i o n  o f  t h e  v a n e ,  h o w e v e r  t h i s  i n c r e a s e ,  m e a s u r e d  a t  
t h e  t o p  o f  t h e  s p e c i m e n  w i t h i n  t h e  v a n e  h o u s i n g ,  w as  d u e  t o  
v o l u m e  c h a n g e  a s  t h e  v a n e  r o d  was  p u s h e d  t h r o u g h  a n d  i t  d i d  
n o t  n e c e s s a r i l y  s h o w  t h e  a m o u n t  o f  p o r e  p r e s s u r e  i n c r e a s e  
a r o u n d  t h e  v a n e .  S i n c e  t h e  s p e c i m e n  w a s  a l l o w e d  t o  
c o n s o l i d a t e  a r o u n d  t h e  v a n e ,  w h a t e v e r  a m o u n t  o f  p o r e  w a t e r  
p r e s s u r e  t h a t  w a s  g e n e r a t e d  d u r i n g  i n s e r t i o n  w a s  s a f e l y  
a s s u m e d  t o  h a v e  d i s s i p i a t e d  t o  a c o n s t a n t  v a l u e  when e x c e s s  
p o r e  p r e s s u r e  r a t i o  m e a s u r e d  a t  t h e  u n d r a i n e d  b o u n d a r y  ( to p )  
h a d  d e c r e a s e d  t o  10 % o f  t h e  c o n f i n i n g  p r e s s u r e .  D i s t u r b a n c e  
e f f e c t s  w e r e  a l s o  a s s u m e d  t o  h a v e  b e e n  e l i m i n a t e d  
s i g n i f i c a n t l y  b y  t h e  sam e  r e a s o n i n g .
D u r a t i o n  o f  p o r e  p r e s s u r e  d i s s i p a t i o n  was  r a t h e r  s h o r t  
d e s p i t e  t h e  l e n g t h  o f  t h e  s p e c i m e n .  T h i s  was  d u e  t o  t h e  f a c t  
t h a t  t h e s e  s p e c i m e n s  w e r e  t r i m m e d  f r o m  s a m p l e s  a l r e a d y  
c o n s o l i d a t e d  a t  t h e  same p r e s s u r e .  T h i s  o c c u r r a n c e  v a l i d a t e d  
t h e  f a c t  t h a t  t h e  e s t i m a t e d  t i m e  f o r  o n e  d i m e n s i o n a l
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c o n s o l i d a t i o n  o f  t h e  l a r g e r  s a m p l e s  u s i n g  f i n i t e  s t r a i n  
t h e o r y  was  a c c u r a t e .  S i n c e  b o t h  t h e  c o n f i n i n g  t i m e  (24 h r s )  
a n d  t h e  p r e s s u r e  ( 1 0 0  k P a )  u s e d  w e r e  r e l a t i v e l y  s m a l l ,  
m a t t e r s  c o n c e r n i n g  p e r m e a b i l i t y  o f  t h e  l a t e x  m e m b r a n e  a n d  
c o m p r e s s i b i l i t y  o f  t h e  w a t e r  f i l l i n g  t h e  v a n e  h o u s i n g  w e r e  
n o t  c o n s i d e r e d  t o  b e  s i g n i f i c a n t  d u r i n g  t e s t i n g  ( 1 1 ) .
V a n e  s h e a r  t e s t i n g  w o u l d  t a k e  p l a c e  a t  t h e  c o m p l e t i o n  
o f  t h e  c o n s o l i d a t i o n  p e r i o d ,  w h i c h  w a s  d e t e r m i n e d  t o  b e  a t  
a b o u t  90% d i s s i p a t i o n  o f  t h e  e x c e s s  p o r e  p r e s s u r e  u n d e r  100  
kPa  o f  c o n f i n i n g  p r e s s u r e .  D u r i n g  t e s t i n g  d r a i n a g e  v a l v e  was  
k e p t  o p e n .  U s i n g  t h e  v a r i a b l e  s p e e d  c a p a b i l i t y  o f  t h e  v a n e  
m a c h i n e  m o t o r ,  t h e  r a t e  o f  a p p l i e d  t o r q u e  c o u l d  b e  
m o n i t o r e d .  A f t e r  s e v e r a l  t r i a l s  t h e  s t a n d a r d  r a t e  o f  t o r q u e  
a p p l i e d  i n  a l l  t e s t s  w a s  c h o s e n  t o  b e  20 % o f  t h e  f u l l  
r a t e .  T h i s  c o r r e s p o n d e d  t o  a p p r o x i m a t e l y  t h e  r a t e  o f
0 . 0 1 2 5  d e g r e e s / s e c o n d  t o r q u e  a p p l i c a t i o n .  I n  o r d e r  t o
e v a l u a t e  t h e  c o r r e l a t i o n  b e t w e e n  v a r i o u s  m o t o r  s p e e d s  a n d  
t o r q u e  r a t e ,  d a t a  o v e r  l o n g  r u n s  o f  t h e  m o t o r  a t  d i f f e r e n t
s p e e d s  w e r e  c o l l e c t e d  m a n u a l l y  b y  o b s e r v i n g  t h e  f r e e
r o t a t i o n  o f  t h e  t o r q u e  d i a l  w i t h  r e s p e c t  t o  t i m e .  A v e r a g e d  
t o r q u e  r a t e  d a t a  p o i n t s  w e r e  t h a n  c o r r e l a t e d  w i t h  r e s p e c t i v e  
m o t o r  s p e e d s .  L i n e a r  r e g r e s s i o n  a n a l y s i s  w a s  u s e d  t o  f i t  a  
l i n e  t o  t h e s e  d a t a  p o i n t s .  C o r r e l a t i o n  w as  goo d  a s  shown i n  
A p p e n d i x  C. T h e  r e a s o n s  p e r t a i n i n g  t o  t h e  c h o i c e  o f  s l o w  
r a t e  o f  t o r q u e  a p p l i c a t i o n  w e r e  s e v e r a l .  F i r s t  o n e  w a s  t o  
i n c r e a s e  t h e  r e s o l u t i o n  o f  s m a l l  s t r a i n  d a t a  r a n g e .  T h e  
f r e q u e n c y  o f  d a t a  s a m p l i n g  b y  e l e c t r o n i c  m e a n s  c o u l d  n o t  b e
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a l t e r e d  , a n d  s l o w e r  r a t e  o f  r o t a t i o n  r e s u l t e d  i n  h i g h e r  
num b e r  o f  d a t a  p o i n t s  c o l l e c t e d  w i t h i n  u n i t  t i m e  r a n g e .  The 
s e c o n d  r e a s o n  was  t o  a c h i e v e  l o w  a n g u l a r  r o t a t i o n  s p e e d s  o f  
t h e  v a n e  t o  a v o i d  o v e r e s t i m a t i o n  o f  s t r e s s  v a l u e s .  A c c o r d i n g  
t o  a  r e c e n t  i n v e s t i g a t i o n  on t h e  s h e a r  m e c h a n i s m  o f  v a n e  
t e s t  i n  s o f t  c l a y s  ( 4 7 ) ,  i t  w a s  c o n c l u d e d  t h a t  u n d r a i n e d  
l o a d i n g  c o n d i t i o n s  a r e  s a t i s f i e d  a t  a n g u l a r  v e l o c i t i e s  o f  
v a n e  g r e a t e r  t h a n  o r  e q u a l  t o  1 d e g r e e / s e c o n d .  L o c a l i z e d  
p o r e  w a t e r  p r e s s u r e  m i g r a t i o n  c o u l d  o c c u r  a t  a n g u l a r  
v e l o c i t i e s  b e l o w  1 d e g r e e / s e c o n d .  T h e  u n e x p e c t e d  h i g h e r  
v a l u e s  o f  s h e a r  s t r e n g t h  i n  some t e s t s  i n d i c a t e d  t h a t  t h e r e  
was some a m o u n t  o f  l o c a l i z e d  p o r e  w a t e r  p r e s s u r e  m i g r a t i o n  
a n d  c o n s o l i d a t i o n  a r o u n d  v a n e  d u e  t o  s l o w  r a t e  o f  a n g u l a r  
r o t a t i o n .  H o w e v e r ,  t h i s  e f f e c t  was  o b s e r v e d  o n l y  a t  h i g h e r  
s t r a i n  r a n g e s  a n d  d i d  n o t  i n f l u e n c e  lo w  s t r a i n  p a r a m e t e r s .  
Vane  a s s e m b l y  i s  l o w e r e d  a l o n g  t h e  s q u a r e  t h r e a d  o f  t h e  v a n e  
m a c h i n e  t o  t h e  d e s i r e d  p o s i t i o n  s u c h  t h a t  a b o u t  1 cm o f  t h e  
f l a t - s i d e d  e n d  o f  t h e  v a n e  r o d  w o u l d  b e  i n s e r t e d  i n t o  t h e  
r o t a t i n g  s o c k e t  o f  t h e  a s s e m b l y .  T h e  v a n e  r o d  i s  n o t  t o  b e  
a t t a c h e d  t o  t h e  a s s e m b l y  u n t i l  a  c a l i b r a t i o n  p r o c e d u r e ,  
d e s c r i b e d  i n  t h e  n e x t  s e c t i o n ,  i s  c o m p l e t e d .  A t  t h i s  s t a g e ,  
i t  i s  i m p e r a t i v e  t h a t  t h e  s o c k e t  r o t a t e s  f r e e l y  a b o u t  t h e  
v a n e  r o d  f o r  p r o p e r  c a l i b r a t i o n .  F r i c t i o n a l  i n t e r f e r e n c e s  
w i l l  b e  e v i d e n t  i n  s u b s e q u e n t  c a l i b r a t i o n  d a t a  t h e r e f o r e  
r e p o s i t i o n i n g  o r  s l i g h t  l u b r i c a t i o n  o f  t h e  s o c k e t  i n t e r i o r  
may  b e  r e q u i r e d .  T h e  f o l l o w i n g  p r o c e d u r e  i s  f o l l o w e d  t o
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c o m p l e t e  t e s t i n g  :
1 .  P o s i t i o n  t h e  v a n e  a s s e m b l y  o v e r  t h e  t r i a x i a l  c e l l  
s u c h  t h a t  s o c k e t  r o t a t e s  f r e e l y  a b o u t  t h e  v a n e  r o d .
2 .  Run O P I N I T  p r o g r a m  t o  d e t e c t  f r i c t i o n  i n t e r f e r e n c e  
f o r  c a l i b r a t i o n .  T h e  r e a l - t i m e  s i g n a l  w i l l  d e v i a t e  f r o m  
p r o d u c i n g  s i n u s o i d a l  im a g e  i f  t h e r e  i s  i n t e r f e r e n c e .  R e p e a t  
s t e p s  1 - 2  a s  n e c e s s a r y .
3.  R e c o r d  t h e  i n i t i a l  p o s i t i o n  o f  t h e  d i a l  on t h e  v a n e  
m a c h i n e  f o r  b o t h  a n g u l a r  r o t a t i o n  a n d  t o r q u e  s c a l e s .
4 .  Run OPCALIB p r o g r a m  a n d  f o l l o w  t h e  i n t e r a c t i v e  
i n s t r u c t i o n s  t o  c o l l e c t  a n d  s t o r e  l o w  s t r a i n  d a t a .  T h e  
p r o g r a m  i n s t r u c t s  t h e  u s e r  w h e n  a n d  how  t o  r e t a i n  t h e  v a n e  
r o d  u s i n g  t h e  f i x i n g  s c r e w .
5.  As s o o n  a s  l o w  s t r a i n  d a t a  c o l l e c t i o n  i s  c o m p l e t e ,  
r e c o r d  t h e  f i n a l  p o s i t i o n  o f  t h e  d i a l  f o r  b o t h  a n g u l a r  
r o t a t i o n  a n d  t o r q u e  s c a l e s  WITHOUT s t o p p i n g  t h e  v a n e  
m a c h i n e .
6 r  R e c o r d  t h e  p o s i t i o n  o f  t h e  d i a l  p e r i o d i c a l l y  u n t i l  
f a i l u r e  c o n d i t i o n  i s  o b s e r v e d .  A t  t h i s  s t a g e ,  t h e  s p e e d  o f  
t h e  m o t o r  c a n  b e  i n c r e a s e d  t o  50  % o f  t h e  f u l l  s p e e d  w i t h o u t  
v i o l a t i n g  c o m p a t i b i l i t y  a n d  c o n t i n u i t y  c o n d i t i o n s  w i t h  
r e s p e c t  t o  l o w  s t r a i n  d a t a .  A n g u l a r  v a n e  s p e e d  w i l l  s t i l l  
r e m a i n  b e l o w  1 d e g r e e / s e c o n d .  E a r l i e r  t e s t s  r u n  a t  8 0  % o f  
f u l l  s p e e d  r e v e a l e d  maximum a n g u l a r  v e l o c i t y  o f  v a n e  a b o u t  1 
d e g r e e / s e c o n d ,  c l o s e  t o  t h e  p e a k  s t r e n g t h  o f  t h e  s p e c i m e n s .
7.  R e c o r d  d i a l  r e a d i n g s  a t  p e a k  a n d  r e s i d u a l  s t r e n g t h s .
8 .  L o w e r  t h e  v a n e  a s s e m b l y  a p p r o x i m a t e l y  0 . 5  cm ( o r  1
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t o  2 r e v o l u t i o n s  o f  t h e  u p p e r  h a n d  k n o b ) , r a i s e  i t  b a c k  u p  
t h e  same d i s t a n c e .  T h i s  w i l l  p u s h  t h e  v a n e  t o  a l o w e r  l e v e l  
a n d  w h e n  t h e  r o d  i s  p u l l e d  b a c k  t h e  v a n e  w i l l  d e t a c h  f r o m  
t h e  r o d .  When t h e  r o d  i s  f r e e ,  i t  w i l l  r o t a t e  b a c k  t o  t h e  
o r i g i n a l  p o s i t i o n  w i t h  t h e  u n w i n d i n g  a c t i o n  o f  t h e  l o a d  
s p r i n g .  T h e  m i r r o r  a t t a c h e d  t o  t h e  v a n e  r o d  w i l l  a l s o  b e  
p o s i t i o n e d  b a c k  a t  i t s  s t a r t i n g  l o c a t i o n .
9 .  U n c o u p l e  t h e  v a n e  r o d  f r o m  t h e  r o t a t i n g  s o c k e t  o f  
t h e  v a n e  a s s e m b l y  b y  r e m o v i n g  t h e  f i x i n g  s c r e w ,  a n d  r e p e a t  
s t e p s  1 - 4 .  T h i s  i s  f o r  t h e  p u r p o s e  o f  c o l l e c t i n g  a n o t h e r  s e t  
o f  l o w  s t r a i n  d a t a  (CAL.FILE) t o  c o r r e c t  t h e  v a n e  s h e a r  d a t a  
(D AT.F ILE)  f o r  f r i c t i o n  b e t w e e n  t h e  v a n e  r o d  a n d  t h e  s e a l s  
l o c a t e d  w i t h i n  t h e  p i s t o n  a n d  t h e  t o p  c a p ,  a n d  a l s o  f o r  
f r i c t i o n  b e t w e e n  t h e  v a n e  r o d  a n d  s o i l .  T h e  f r i c t i o n  d a t a  
f i l e  (CAL.FILE) i s  d e t e r m i n e d  t o  b e  u n i q u e  f o r  e a c h  s p e c i m e n  
t e s t e d  . A s t a n d a r d  f r i c t i o n  c o r r e c t i o n  w a s  n o t  a d a p t e d .  
T h i s  w a s  d u e  t o  t h e  f a c t  t h a t  e a c h  f r i c t i o n  f i l e ,  l i k e  t h e  
d a t a  f i l e s ,  d i s p l a y e d  h i g h  s e n s i t i v i t y  w i t h  r e s p e c t  t o  
f a c t o r s  l i k e  t h e  a m o u n t  o f  l u b r i c a t i o n  i n  t h e  s e a l s ,  
s p e c i f i c  p o s i t i o n i n g  o f  t h e  v a n e  a n d  t h e  v a n e  r o d ,  m i n u t e  
a l t e r a t i o n s  o f  t h e  p o s i t i o n s  a n d  t i l t  o f  s o m e  d a t a  
a c q u i s i t i o n  u n i t s  ( a u t o c o l l i m a t o r , m i r r o r ) . C o n s e q u e n t l y ,  
e a c h  d a t a  f i l e  w a s  a s s o c i a t e d  w i t h  a  u n i q u e  f r i c t i o n  
c o r r e c t i o n  f i l e .  T h e  m ax im um  s e a l  f r i c t i o n  m e a s u r e d  w a s  
a b o u t  10% o f  t h e  u n d r a i n e d  s h e a r  s t r e n g t h  m e a s u r e d .  T h e  
f a c t o r s  l i s t e d  a b o v e  a r e  a l s o  v a l i d  f o r  t h e i n i t i a l
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c a l i b r a t i o n  p r o c e d u r e /  t h e r e f o r e  i t  w a s  i n c o r p o r a t e d  i n t o  
t h e  d a t a  a c q u i s i t i o n  m e th o d  a s  a n  i n h e r e n t  p a r t .
3.4 DATA ACQUISITION SOFTWARE
T h e  d a t a  a c q u i s i t i o n  s y s t e m  w a s  s p e c i f i c a l l y  p u t  
t o g e t h e r  t o  m e a s u r e  v e r y  s m a l l  a n g u l a r  d i s p l a c e m e n t s .  Due 
t o  l a r g e  q u a n t i t y  o f  d a t a  c o l l e c t e d  a n d  t h e  c o m p l e x i t y  
i n v o l v e d  t o  r e d u c e  and  i n t e r p r e t  t h e  d a t a ,  i t  w as  n e c e s s a r y  
t o  w r i t e  s o f t w a r e  t h a t  w o u l d  h e l p  t h e  u s e r  t o  c o n d u c t  
r e p e a t a b l e  a n d  f a s t  a n a l y s i s .  D a t a  c o l l e c t i o n  a n d  a n a l y s i s  
s o f t w a r e  i n v o l v e d  r e a l - t i m e  p r o c e s s  a n d  i n t e r a c t i v e  c o l o r  
g r a p h i c s .  R e a l - t i m e  f e a t u r e  made  i t  p o s s i b l e  f o r  t h e  u s e r  t o  
o b s e r v e  t h e  d a t a  s i m u l t a n e o u s l y  a n d  m o n i t o r  t h e  t e s t .  
I n t e r a c t i v e  g r a p h i c s  m a d e  i t  p o s s i b l e  t o  m a n i p u l a t e  l a r g e  
q u a n t i t i e s  o f  d a t a  a n d  g u i d e  t h e  u s e r  i n  a l l  p h a s e s  o f  t h e  
a n a l y s i s .  The t r i a x i a l  v a n e  t e s t i n g  s e t - u p  d e s c r i b e d  h e r e i n  
r e q u i r e s  t h e  u s e  o f  t h i s  d e d i c a t e d  s o f t w a r e .  T h e s e  p r o g r a m s  
a n d  t h e i r  o p e r a t i o n a l  f e a t u r e s  a r e  d i s c u s s e d  b e l o w :
A. OPCALIB
OPCALIB i s  t h e  d a t a  c o l l e c t i o n  p r o g r a m  w r i t t e n  i n  
F o r t r a n  7 7 .  I t  i n s t r u c t s  t h e  u s e r  s t e p  b y  s t e p  how t o  
c a l i b r a t e  t h e  i m a g e ,  p r o p e r l y  p o s i t i o n  t h e  m i r r o r ,  c o l l e c t  
a n d  f i l e  d a t a .  I t  c a l l s  a s s e m b l y  l a n g u a g e  s u b r o u t i n e s  t o  
c o m m u n i c a t e  w i t h  OP-EYE. A s e p a r a t e  r o u t i n e  w i t h i n  t h e  m a in  
p r o g r a m  c o n v e r t s  A S C I I  c h a r a c t e r s  t o  n u m b e r s .  G r a p h i c s  
s u b r o u t i n e s  a n d  l i b r a r i e s  a r e  c a l l e d  t o  p l o t  t h e  s i g n a l  
v a l u e  a g a i n s t  t i m e .  T h e  r e s o l u t i o n  o f  t i m e  s t e p  i s  1 / 1 0 0
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s e c o n d  . T h e  t i m e  r o u t i n e  i s  a n  e x t e r n a l  a s s e m b l y  l a n g u a g e  
p r o g r a m  w h i c h  u s e s  t h e  m i c r o c o m p u t e r ' s  c l o c k .  The  f r e q u e n c y  
o f  d a t a  s a m p l i n g ,  i n c l u d i n g  a l l  I / O  o p e r a t i o n s  a n d  t h e  
f r e q u e n c y  w i t h  w h i c h  d a t a  i s  f u r n i s h e d  b y  OP-EYE, i s  2 d a t a  
p o i n t s  p e r  s e c o n d .  A t y p i c a l  d a t a  c o l l e c t i o n  s e s s i o n ,  
e x c l u d i n g  t h e  t i m e  s p e n d  f o r  c a l i b r a t i o n  a n d  i n s t r u c t i o n s ,  
i s  a p p r o x i m a t e l y  15  m i n  ,  w h i c h  c o r r e s p o n d  t o  a  t o t a l  o f  
1800  d a t a  p o i n t s .  A t y p i c a l  s e s s i o n  u s i n g  OPCALIB i s  a s  
f o l l o w i n g :
1 .  F i g s  3 . 1 2 a  a n d  3 . 1 2 b  s h o w  t h e  p r o g r e s s i o n  o f  t h e  f i r s t  
s t e p  i n  c a l i b r a t i o n  p r o c e d u r e  i n  w h i c h  t h e  s i n u s o i d a l  im age  
t r a c e s  t h e  r o t a t i o n  o f  t h e  m i r r o r  f r e e  o f  v a n e .  The  v e r t i c a l  
a x i s  i s  t h e  m a g n i t u d e  o f  s i g n a l  f r o m  OP-EYE d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  a n g u l a r  r o t a t i o n  o f  t h e  m i r r o r .  T h e  
p e a k s  o f  t h e  im a g e  r e p r e s e n t  maximum i n t e n s i t y  s i g n a l s  f rom  
t h e  l e f t  a n d  t h e  r i g h t  p h o t o d i o d e s  r e s p e c t i v e l y ,  d e p e n d i n g  
o n  r o t a t i o n  d i r e c t i o n .  T h e  h o r i z o n t a l  a x i s  i s  t i m e  i n  
h u n d r e d s  o f  s e c o n d s .
2 .  F i g  3 . 1 3  s h o w  t h e  s e c o n d  s t e p  i n  c a l i b r a t i o n  i n  w h i c h  a 
s t r a i g h t  l i n e  i s  f i t  t h r o u g h  t h e  l i n e a r  s e c t i o n  o f  t h e  
s i n u s o i d a l  im a g e .  The  s l o p e  o f  t h i s  s t r a i g h t  l i n e  i s  u s e d  t o  
d e t e r m i n e  t h e  c a l i b r a t i o n  c o n s t a n t  a s  f o l l o w s :
C a l i b .  C o n s t .  = A p p l i e d  t o r q u e  r a t e  /  S l o p e  o f  s t r a i g h t  l i n e  
( r a d i a n s / u n i t  s i g n a l ) = ( r a d i a n s / s e c o n d ) / ( s e c o n d / u n i t  s i g n a l )
T h e  t y p i c a l  a n g u l a r  c o v e r a g e  f r o m  o n e  p e a k  t o  t h e  o t h e r  i s
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0 . 0 2  r a d i a n s  a s  i n d i c a t e d  i n  F i g .  3 . 1 3 .  T h e  l i n e a r  p o r t i o n  
o f  t h e  s i n u s o i d a l  im ag e  t h a t  i s  e m p l o y e d  i n  d a t a  c o l l e c t i o n  
i s  c e n t r a l  75 % o f  p e a k  t o  p e a k  d i s t a n c e .  T h e r e f o r e  t y p i c a l  
u s a b l e  r a n g e  t r a v e r s e d  b y  t h e  m i r r o r  i s  0 .0 1 5  r a d i a n s ,  o r  i n  
t e r m s  o f  s h e a r  s t r a i n  1 . 5  %. T h e  f i t t e d  l i n e  i s  a l s o  u s e f u l  
i n  i n d i c a t i n g  t h e  l i m i t s  o f  t h e  l i n e a r  s e c t i o n  .
3 .  F i g  3 . 1 4  s h o w  t r a c i n g  o f  t h e  m i r r o r  r o t a t i o n  i n  r e v e r s e  
d i r e c t i o n .  T h i s  i s  n e c e s s a r y  t o  e s t a b l i s h  a  s t a r t i n g  
l o c a t i o n  w i t h i n  t h e  b o u n d a r i e s  o f  t h e  l i n e a r  r a n g e ,  a t  w h i c h  
t h e  v a n e  r o d  i s  a f f i x e d  t o  t h e  v a n e  a s s e m b l y .  When t h e  
d e s i r e d  p o s i t i o n  o f  t h e  m i r r o r  i s  r e a c h e d ,  t h e  m i r r o r  
r o t a t i o n  a n d  s i g n a l  t r a n s f e r  a r e  t e r m i n a t e d  s i m u l t a n e o u s l y  
a s  i n s t r u c t e d  b y  t h e  p r o g r a m .  When s e c u r i n g  t h e  p o s i t i o n  o f  
t h e  v a n e ,  t h e  r o t a t i n g  s o c k e t  w i l l  m ove  s l i g h t l y  a s  f i x i n g  
s c r e w  m e e t s  t h e  f l a t  s i d e  o f  t h e  v a n e  r o d  w i t h i n  t h e  s o c k e t .  
T h i s  w i l l  r e s u l t  i n  r o t a t i o n  o f  t h e  o r i g i n a l  p o s i t i o n  o f  
t h e  m i r r o r  a n d  s i g n a l  w i l l  f a l l  o u t  o f  t h e  l i n e a r  r a n g e .  I n  
o r d e r  ^to p r e v e n t  t h i s  h a p p e n i n g ,  OPCALIB a l l o w s  t h e  u s e r  
c o r r e c t l y  l o c a t e  t h e  m i r r o r  p o s i t i o n  when s e c u r i n g  t h e  v a n e  
i n  p l a c e  b y  i n d i c a t i n g  c u r r e n t  s i g n a l  l o c a t i o n  w i t h  a 
d i f f e r e n t  c o l o r e d  d o t  on CRT f o r  e a c h  t r i a l .
4 .  F i g  3 .15  s h o w s  t h e  c o m p l e t e d  t r a c e  o f  t h e  m i r r o r  r o t a t i o n  
w i t h  t h e  v a n e  c o n n e c t e d .  T h i s  d a t a  i s  s t o r e d  i n  a  DAT f i l e  
w i t h  a  s p e c i f i c  n u m b e r  p e r t a i n i n g  t o  t h e  s p e c i m e n  t e s t e d .  
CAL f i l e s  a r e  o b t a i n e d  i n  t h e  same m a n n e r  a s  d e s c r i b e d  a b o v e  
h o w e v e r  w i t h  t h e  v a n e  d e t a c h e d  f r o m  t h e  v a n e  r o d  .
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B. OPAUXl
T h i s  p r o g r a m  i s  u s e d  t o  f i l t e r  m e c h a n i c a l  a n d  
e l e c t r i c a l  n o i s e  f r o m  t h e  d a t a .  OPAUXl i s  t h e  f i r s t  s t e p  i n  
d a t a  a n a l y s i s  a n d  b o t h  DAT a n d  CAL f i l e s  a r e  s u b j e c t  t o  
f i l t e r i n g .  M o v in g  a v e r a g e s  w i t h  v a r i a b l e  p a r a m e t e r s  i s  u s e d  
i n  f i l t e r i n g  p r o c e s s .  U s e r  i s  i n s t r u c t e d  t o  s p e c i f y  t h e  
n u m b e r  o f  c h a n g e s ,  a n d  t h e  v a l u e s  o f  p a r a m e t e r s  f o r  e a c h  
t r i a l .  P r o g r a m  i s  t e r m i n a t e d  a n d  new  d a t a  i s  s t o r e d  u n d e r  
t h e  s a m e  f i l e  nam e  o n l y  w h e n  t h e  u s e r  c o n s e n t s  o n  t h e  
q u a l i t y  o f  f i l t e r i n g  w h i c h  i s  d i s p l a y e d  a f t e r  e a c h  t r i a l .
C.  0PAUX2
T h i s  p r o g r a m  i s  u s e d  t o  m a n i p u l a t e  t h e  DAT a n d  CAL 
c u r v e s  b y  m e a n s  o f  g r a p h i c s  c u r s o r  ( c r o s s - h a i r )  s o  t h a t  t h e  
s t a r t i n g  s i g n a l  p o s i t i o n s  c o i n c i d e .  I t  c o n s t i t u t e s  t h e  
s e c o n d  s t e p  i n  d a t a  a n a l y s i s .  F i g s .  3 . 1 6  a n d  3 . 1 7  sh o w  a 
c a s e  w h e r e  c a l i b r a t i o n  c u r v e  i s  l o w e r e d  t o  m e e t  t h e  d a t a  
c u r v e .  S i n c e  c o l o r  g r a p h i c s  i s  u s e d  i n  t h i s  p r o g r a m  a s  w e l l  
a s  t h e  o t h e r  p r o g r a m s ,  t h e  c o l o r  c o d i n g  o f  i n d i v i d u a l  c u r v e s  
c a n  n o t  b e  o b s e r v e d  i n  t h e  b l a c k  a n d  w h i t e  p r i n t s .  T h e  
m a n i p u l a t i o n  i s  d o n e  s i m p l y  b y  p o i n t i n g  t h e  i n i t i a l  a n d  
f i n a l  p o s i t i o n s  o f  o n e  p o i n t  on o n e  o f  t h e  c u r v e s  u s i n g  t h e  
g r a p h i c s  c u r s o r s  a n d  e s p e c i a l l y  c o d e d  k e y s  t h a t  i s  
r e c o g n i z e d  b y  OPAUX2. The  k e y  c o d i n g  i s  a s  f o l l o w s  :
D -  m o v e  d o w n ,  U -  m o v e  u p ,  L -  m o v e  l e f t ,  R -  m o v e  r i g h t  
C -  m o v e  c a l i b r a t i o n  c u r v e ,  RETURN -  m ove  d a t a  c u r v e  
( T h e s e  c o d e s  a r e  a l s o  r e c o g n i z e d  b y  0PAUX3).
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M a n i p u l a t i o n  o f  d a t a  t e r m i n a t e s  o n l y  when i n s t r u c t e d  b y  t h e  
u s e r .  T h e n ,  b o t h  t h e  c a l i b r a t i o n  a n d  d a t a  c u r v e s  a r e  r o t a t e d  
a b o u t  t h e i r  own i n d i v i d u a l  a x e s ,  ( e a c h  b e a r i n g  t h e  s l o p e  o f  
t h e  s t r a i g h t  l i n e  f i t  t h r o u g h  t h e  l i n e a r  p o r t i o n  o f  t h e i r  
i n i t i a l  c a l i b r a t i o n  i m a g e s  p r o d u c e d  b y  O P C A L I B ) ,  
c o u n t e r c l o c k w i s e  t o  a  v e r t i c a l  l i n e ,  a n d  t h e  new p o s i t i o n  
v a l u e s  a r e  s t o r e d .  T h i s  p r o c e d u r e  w as  f o u n d  t o  b e  n e c e s s a r y  
i n  o r d e r ' t o  e l i m i n a t e  t h e  e f f e c t s  o f  c a l i b r a t i o n  s l o p e  
d i f f e r e n c e s  b e t w e e n  t h e  CAL a n d  DAT c u r v e s  a n d  t h e  
a r t i f i c i a l l y  i n t r o d u c e d  s t r a i n  h a r d e n i n g  c h a r a c t e r  t o  t o r q u e  
v e r s u s  s t r a i n  c u r v e s  w h i c h  a r e  p r o d u c e d  i n  n e x t  s t e p .
0PAUX2 r e a d s  i n  DAT a n d  CAL f i l e s ,  a n d  a f t e r  
m a n i p u l a t i o n  a n d  e v a l u a t i o n ,  c r e a t e s  a  t e m p o r a r y  f i l e  c a l l e d  
an  INT f i l e ,  i n  w h i c h  a r e  s t o r e d  t h e  new DAT a n d  CAL v a l u e s .
D. 0PAUX3
T h i s  i s .  t h e  f i n a l  s t e p  i n  a n a l y s i s .  0PAUX3 r e a d s  i n  t h e  
INT f i l e  w h i c h  c o n t a i n s  b o t h  DAT a n d  CAL f i l e s  a s  t h e y  w e r e  
a l t e r e d  b y  0PAUX2. P r o g r a m  c o n v e r t s  s i g n a l  v e r s u s  t i m e  
c u r v e s  t o  t o r q u e  v e r s u s  s h e a r  s t r a i n  c u r v e s  b y  u s e  o f  
c a l i b r a t i o n  a n d  t o r q u e  r a t e  c o n s t a n t s .  F i g  3 . 1 8 a  s h o w s  t h e  
f i r s t  p i c t u r e  p r o d u c e d  b y  t h e  p r o g r a m  w h i c h  i s  t h e  
s u p e r i m p o s e d  t o r q u e  v s  s h e a r  s t r a i n  c u r v e s  f o r  CAL and  DAT 
f i l e s .  M a n i p u l a t i o n  o f  t h e s e  c u r v e s  a r e  s t i l l  a l l o w e d  a t  
t h i s  s t a g e  i f  t h e y  d o  n o t  c o i n c i d e  p r o p e r l y .  F i g  3 . 1 8 b  
i l l u s t r a t e s  t h i s  o p t i o n .  The c a l i b r a t i o n  c u r v e  i s  s u b t r a c t e d  
f ro m  t h e  d a t a  c u r v e  b y  m e a n s  o f  a  s u b r o u t i n e  t h a t  f i n d s  t h e  
t o r q u e  v a l u e s  on  e a c h  c u r v e  a t  e q u a l  ( o r  v e r y  c l o s e )  s h e a r
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s t r a i n  a m p l i t u d e s  a n d  i n t e r p o l a t e s  t h e  r e s t .  T h i s  s u b r o u t i n e  
was  n e c e s s a r y  f o r  s u b t r a c t i o n  p r o c e d u r e  d u e  t o  t h e  f a c t  t h a t  
t h e  s i g n a l s  s e n t  b y  OP-EYE do  n o t  b e a r  c o n s t a n t  v a l u e s .  A l s o  
t h e  c a l i b r a t i o n  c o n s t a n t s ,  t h o u g h  v e r y  c l o s e ,  a r e  n o t  
n e c e s s a r i l y  e q u a l .  T h e r e f o r e  s h e a r  s t r a i n  v a l u e s  c a l c u l a t e d  
u s i n g  t h e  s i g n a l  v a l u e s  an d  t h e  c a l i b r a t i o n  c o n s t a n t s  do  n o t  
c o i n c i d e  d i s c r e t e l y  p o i n t  b y  p o i n t  f o r  CAL a n d  DAT f i l e s .  
A f t e r  s u b t r a c t i o n  , t h e  r e s u l t i n g  t o r q u e  v a l u e s  a r e  
m u l t i p l i e d  b y  t h e  c o r r e s p o n d i n g  l o a d  s p r i n g  f a c t o r ,  a l s o  
i n t e r p o l a t e d  f r o m  l o a d  v e r s u s  d e f l e c t i o n  d a t a  o f  t h e  
s p e c i f i c  l o a d  s p r i n g  u t i l i z e d .  ( Load  d e f l e c t i o n  c u r v e s  o f  
t h e  t w o  l o a d  s p r i n g s  u s e d  i n  t h i s  s t u d y  a r e  g i v e n  i n  
A p p e n d i x  C) .  The r e s u l t i n g  l o a d  v a l u e s  a r e  t h e n  d i v i d e d  b y  
v a n e  s h e a r  s u r f a c e  t o  c a l c u l a t e  s h e a r  s t r e s s  v a l u e s .  T h e  
f o l l o w i n g  s t a n d a r d  e q u a t i o n  w a s  u s e d  t o  e v a l u a t e  s h e a r  
s t r e s s  :
SF*T
S =        (6)
D *H D 
IT * [ ----------- + ------------]
2 6
w h e r e ,  T = t o r q u e  ( d e g r e e s ) ,  SF  = l o a d  s p r i n g  f a c t o r  
( k N / d e g r e e s ) ,  S = s h e a r  s t r e s s  ( k P a ) ,  D, H a r e  d i a m e t e r  an d  
h e i g h t  o f  v a n e ,  r e s p e c t i v e l y  (m).
T o r q u e  d a t a  w a s  a l s o  c o r r e c t e d  w i t h  r e s p e c t  t o  c h a n g i n g  
a n g u l a r  v e l o c i t y  o f  v a n e ,  h o w e v e r  s m a l l ,  s i n c e  s a m e  t i m e  
b a s e  w a s  u s e d  t o  e v a l u t e  b o t h  t o r q u e  a n d  s h e a r  s t r a i n  
v a l u e s .
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F i g  3 . 1 9 a  s h o w  t h e  r e s u l t i n g  s h e a r  s t r e s s - s t r a i n  
d i a g r a m .  F o l l o w i n g  t h e  i n s t r u c t i o n s  g i v e n ,  t h e  g r a p h i c s  
c u r s o r  i s  u s e d  t o  p o i n t  l o c a t i o n s  t h a t  i d e n t i f y  a r a n g e  o f  
d a t a  f o r  s c a l e  e n l a r g e m e n t  t o  e v a l u a t e  i n i t i a l  m o d u l u s  and  
a n o t h e r  r a n g e  o f  d a t a  t h r o u g h  w h i c h  a  s t r a i g h t  l i n e  i s  f i t  
b y  l i n e a r  r e g r e s s i o n  t o  e v a l u a t e  y i e l d  m o d u l u s ,  o r  s t r a i n -  
h a r d e n i n g  m o d u l u s  f o r  b i l i n e a r  r e p r e s e n t a t i o n  o f  t h e  c u r v e .  
F i g s  3 . 1 9 a  a n d  3 . 1 9 b  i l l u s t r a t e  t h i s  p r o c e s s .
F i g  3 . 2 0 a  s h o w  t h e  e n l a r g e d  v i e w  o f  t h e  i n i t i a l  p a r t  o f  
s h e a r  s t r e s s - s t r a i n  d i a g r a m .  O n c e  a g a i n ,  u p p e r  a n d  l o w e r  
l i m i t s  a r e  l o c a t e d  w i t h i n  a n  a l l o w e d  s t r a i n  r a n g e  t o  f i t  a  
l i n e a r  r e g r e s s i o n  c u r v e ,  s l o p e  o f  w h i c h  i s  d e f i n e d  a s  t h e  
i n i t i a l  o r  m ax im um  s h e a r  m o d u l u s .  F i g s .  3 . 2 0 a  a n d  3 . 2 0 b  
i l l u s t r a t e  t h i s  p r o c e s s .
F i g  3 . 2 1  s h o w s  t h e  f i n a l  r e s u l t  o f  t h e  a n a l y s i s .  
B i l i n e a r  r e p r e s e n t a t i o n ,  s t a t i s t i c a l  p a r a m e t e r s  o f  t h e  
f i t t e d  l i n e s ,  t h e  maximum a n d  s t r a i n - h a r d e n i n g  s h e a r  m o d u l i  
v a l u e d ,  r a n g e  o f  s h e a r  s t r e s s  a n d  s t r a i n ,  a n d  r e s o l u t i o n  o f  
s t r a i n  v a l u e s  a r e  g i v e n  i n  t h i s  f i n a l  p i c t u r e .  T h i s  
i n f o r m a t i o n  a n d  t h e  s h e a r  s t r e s s - s t r a i n  c u r v e  a r e  s t o r e d  i n  
a n  OUT f i l e  b e f o r e  t h e  p r o g r a m  i s  t e r m i n a t e d  b y  t h e  u s e r .  I f  
r e a n a l y s i s  i s  r e q u e s t e d ,  t h e  p r o g r a m  m o v e s  b a c k w a r d  i n  
s t a g e s  u n t i l  u s e r  s p e c i f i e s  w h e r e  t o  s t a r t  t h e  a n a l y s i s  o n c e  
a g a i n .
I n  a l l  I / O  o p e r a t i o n s  o f  s o f t w a r e  d e s c r i b e d  a b o v e  d a t a  
r e m a i n s  i n  b i n a r y  f o r m a t  t o  s a v e  memory  s p a c e  a n d  f a s t e n  t h e  
I / O  p r o c e s s e s .
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t o w  S  r p f t  I K  T R I R X l A l  Vf l HE  S H E H S  P A I R  R C O U S 1 U O H
D E A O . P A J
. 8 1 3
t o w  S r R A I N  T 8 I R X 1 R L  V R H E  S H E A S  D A I S  A C O U S M I O H  
O E A O . D A I
(b)
F i g .  3 .12  OPCALIB -  P r o g r e s s i o n  o f  C a l i b r a t i o n  S t e p  1
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F i g .  3 .13  OPCALIB -  C a l i b r a t i o n  S t e p  2
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F i g .  3 .15  OPCALIB -  A c q u i s i t i o n  o f  D a t a
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F i g .  3 . 1 6  0PAUX2 -  O r i g i n a l  P o s i t i o n s  o f  DAT a n d  CAL F i l e
D a t a
F i g .  3 .17  OPAUX2 -  F i n a l  P o s i t i o n s  o f  DAT a n d  CAL F i l e  D a t a
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(a) i n i t i a l  P o s i t i o n  o f  C u r v e s
' O t O U E  u i .  S H E A f  s m i *  & l A 6 # A N i
(b) O p t i o n  o f  C u r v e  A d j u s t m e n t
F i g .  3 .18 OPAUX3 -  S u p e r i m p o s e d  T o r q u e  v s  S h e a r  S t r a i n  D a t a
f o r  DAT a n d  CAL F i l e s
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( a )  C h o o s i n g  a n  U p p e r  L i m i t  f o r  E n l a r g e d  V i e w  o f  Low
S t r a i n  Range
(b )  C h o o s i n g  a  L o w e r  L i m i t  f o r  S e c o n d  P o r t i o n  o f  B i l i n e a r
R e p r e s e n t a t i o n
F i g .  3 .19  0PAUX3 -  S h e a r  S t r e s s - S t r a i n  C u r v e  C o r r e c t e d  f o r
S e a l  F r i c t i o n
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( a )  C h o o s i n g  a  L o w e r . L i m i t  f o r  L i n e a r  R e g r e s s i o n
A n a l y s i s
( b )  C h o o s i n g  a n  u p p e r  l i m i t  f o r  L i n e a r  R e g r e s s i o n
A n a l y s i s
F i g .  3 .2 0  0PAUX3 -  E n l a r g e d  V iew o f  t h e  Low S t r a i n  Range
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P i g .  3 . 2 1  0PAUX3 -  F i n a l  S h e a r  S t r e s s - S t r a i n  C u r v e  W i t h
B i l i n e a r  R e p r e s e n t a t i o n
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CHAPTER 4 
DISCUSSION OF RESULTS
A n a l y s i s  o f  b o t h  s t a t i c  and  d y n a m i c  d a t a  was  d o n e  u s i n g  
c o m p u t e r  s o f t w a r e  f o r  r e a s o n s  o f  s p e e d  a n d  m a i n t a i n i n g  
c o n s i s t e n c y .  S o f t w a r e  i n c l u d e d  r o u t i n e s  t h a t  r e a d  d a t a  f ro m  
a n  i n p u t  f i l e ,  p r o d u c e  g r a p h i c s  a n d  w r i t e  r e s u l t s  i n  a n  
o u t p u t  f i l e .  C u r v e  f i t t i n g  p r o c e d u r e s  , l i n e a r  r e g r e s s i o n  
r o u t i n e s  a n d  c a l c u l a t i o n  o f  s t a t i s t i c a l  p a r a m e t e r s  
c o n s t i t u t e d  s e v e r a l  s u b r o u t i n e s  o f  t h e  s o f t w a r e .
4 .1  PRESENTATION OF RESULTS
4 .1 .1  S p e c i m e n  I n d e x  D a t a
I d e n t i f i c a t i o n  c o d e s  VT## a n d  RT## a r e  a b b r e v i a t i o n s  
f o r  ' V a n e  T e s t i n g '  a n d  ' R e s o n a n t  C o l u m n  T e s t i n g ' ,  
r e s p e c t i v e l y .  T h e  f i r s t  n u m b e r  i n  t h e  i d e n t i f i c a t i o n  c o d e  
r e f e r s  t o  c o n f i n i n g  p r e s s u r e  ( e . g .  1 ==> 1 0 0  k P a ) ,  a n d  t h e  
s e c o n d  num ber  r e f e r s  t o  t e s t  n u m b e r .
The a v e r a g e  w a t e r  c o n t e n t  a n d  t h e  a v e r a g e  b u l k  d e n s i t y  
o f  a l l  t h e  s p e c i m e n s  b e f o r e  t e s t i n g  w e r e  63 %, 1 5 .7 5  kN/m^,  
r e s p e c t i v e l y .  The v a l u e s  o f  w a t e r  c o n t e n t  a n d  b u l k  d e n s i t y  
f o r  e a c h  s p e c i m e n  b e f o r e  a n d  a f t e r  t e s t i n g  w e r e  m e a s u r e d  and  
r e c o r d e d  ( T a b l e  4 . 2 ) .  T h e  c o m p u t e d  v a l u e  o f  d y n a m i c  s h e a r  
m o d u l u s  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  d e n s i t y  o f  t h e  
s p e c i m e n .  T h e r e f o r e  e r r o n e o u s  o r  i n c o n s i s t e n t  m e a s u r e m e n t  o f  
t h e  d e n s i t y  w o u l d  c o m p l i c a t e  m o d u l i  d e t e r m i n a t i o n .  I n  o r d e r  
t o  e s t a b l i s h  a  c o n s i s t e n c y  b e t w e e n  t h e  m e a s u r e d  i n d e x
89
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p r o p e r t i e s  o f  b o t h  s p e c i m e n s ,  a n d  c o m p e n s a t e  f o r  d i f f e r e n c e s  
i n  c o n s o l i d a t i o n  t i m e  a n d  s p e c i m e n  s i z e  i n  t w o  d i f f e r e n t  
t e s t s f t h e  f o l l o w i n g  a d j u s t m e n t  p r o c e d u r e  was  a d o p t e d .  U s i n g  
t h e  f o r m u l a  :
dV Wf -  Wi
-----------  =...........   (7)
V0  ( 1 / G s )  + wA
[ w h e r e ,  - d V / V 0 = v o l u m e  c h a n g e ,  Wf a n d  w j  = f i n a l  a n d  
i n i t i a l  w a t e r  c o n t e n t s ,  Gs = s p e c i f i c  g r a v i t y  ( 2 . 6 5 ) ] ,  
v o l u m e  c h a n g e  v a l u e s  w e r e  e s t i m a t e d  f o r  a l l  s p e c i m e n s  u s i n g  
i n i t i a l  a n d  f i n a l  w a t e r  c o n t e n t  v a l u e s .  T h e n ,  d V / V o  w a s  
c o r r e l a t e d  w i t h  m e a s u r e d  b u l k  d e n s i t y ,  f o r  b o t h  s t a t i c  and  
d y n a m i c  t e s t  s p e c i m e n s .  L i n e a r  c u r v e s  w e r e  f i t  t o  t h e  d a t a  
r e s u l t i n g  i n  :
B u l k  d e n s i t y ]  s t a t i c  = 1 6 . 2 4  + 2 . 8 6  * d V / V 0  ( 8 )
B u l k  d e n s i t y ]  d y n a m i c  = 1 6 «53  + ! * 19  * <3V/V0  (9)
U s i n g  t h e  f o r m u l a s  a b o v e ,  new v a l u e s  o f  b u l k  d e n s i t y  w e r e  
d e r i v e d .  M e a s u r e d  v a l u e s  o f  d y n a m i c  a n d  s t a t i c  maximum 
m o d u l i  w e r e  n o r m a l i z e d  w i t h  t h e  c o r r e s p o n d i n g  d e n s i t y  
v a l u e s .  F i g .  4 . 1  i l l u s t r a t e s  t h e  e f f e c t  o f  t h i s  a d j u s t m e n t  
w h e r e  t h e  m e a s u r e d  G m a x - s / G m a x - d  i s  c o r r e l a t e d  w i t h  t h e  
a d j u s t e d  G m a x - s / G m a x - d .  T h e  a d j u s t e d  r a t i o s  a r e  s l i g h t l y  
h i g h e r  t h a n  t h e  m e a s u r e d ,  c o m p e n s a t i n g  f o r  t h e  e f f e c t  o f  
s l i g h t l y  h i g h e r  f i n a l  b u l k  d e n s i t y  o f  t h e  r e s o n a n t  c o l u m n  
s p e c i m e n s  m e a s u r e d  a f t e r  c o n s o l i d a t i o n .
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4 .1 .2  S t a t i c  an d  D ynam ic  T e s t  R e s u l t s
The  maximum s t a t i c  s h e a r  m o d u l i  v a l u e s  w e r e  d e t e r m i n e d  
u s i n g  t h e  d a t a  r e d u c t i o n  a n d  a n a l y s i s  p r o g r a m  0PAUX3, a s  
e x p l a i n e d  i n  C h a p t e r  3 .  T a b l e  4 . 3  s u m m a r i z e s  t h e  d a t a  
e x t r a c t e d  f r o m  OPAUX3 a n d  t h e  s t a t i s t i c a l  p a r a m e t e r s  
p e r t a i n i n g  t o  l i n e a r  r e g r e s s i o n  a n a l y s i s  i n  d e t e r m i n i n g  t h e  
maximum m o d u l i .  A d d i t i o n a l  i n f o r m a t i o n  o b t a i n e d  f r o m  OPAUX3 
a r e  m i n im u m  s h e a r  s t r a i n  a m p l i t u d e  m e a s u r e d ,  e x t e n t  o f  
s t r e s s - s t r a i n  d a t a  c o l l e c t e d ,  a n d  y i e l d  s t r e s s  a n d  s t r a i n  
v a l u e s  o b t a i n e d  f r o m  b i l i n e a r  r e p r e s e n t a t i o n .
The  maximum d y n a m i c  s h e a r  m o d u l i  v a l u e s  w e r e  e s t i m a t e d  
u s i n g  d a t a  r e d u c t i o n  p r o g r a m  RESON. T h i s  p r o g r a m  w o u l d  y i e l d  
m a x i m u m  s h e a r  m o d u l i  e s t i m a t e d  a t  1 0 “ ^ % o r  1 0 “ ^ % 
( d e p e n d i n g  on  r a n g e  o f  d a t a )  s h e a r  s t r a i n  a m p l i t u d e  u s i n g  a 
h y p e r b o l i c  c u r v e  f i t t e d  t o  t h e  d a t a .  T a b l e  4 . 4  s u m m a r i z e s  
d y n a m i c  t e s t  r e s u l t s .
F i g s .  4 . 2  t h r o u g h  4 . 2 4  i l l u s t r a t e  s h e a r  m o d u l i ,  G 
v e r s u s  s h e a r  s t r a i n ,  Y v a r i a t i o n  f o r  d y n a m i c  a n d  s t a t i c  
t e s t s  o n  d u p l i c a t e  s p e c i m e n s .  T h e  s h e a r  m o d u l i  v a l u e s  a r e  
s e c a n t  m o d u l i  e x c e p t  f o r  t h e  e s t i m a t e d  m ax im um  v a l u e  f o r  
b o t h  c u r v e s .  S h e a r  s t r a i n  i s  r e p r e s e n t e d  o n  l o g a r i t h m i c  
s c a l e .  T h e  d a t a  p o i n t s  o n  s t a t i c  c u r v e s  w e r e  s a m p l e d  
a u t o m a t i c a l l y  u s i n g  a  c o m p u t e r  p r o g r a m  t h a t  w o u l d  m a t c h  
n e a r e s t  s h e a r  s t r a i n  v a l u e s  o f  s t a t i c  d a t a  t o  d y n a m i c  d a t a .  
T h e  p o i n t s  on  t h e  e x t e n s i o n  o f  t h e  s t a t i c  c u r v e s  w e r e  
s a m p l e d  a t  e q u a l  i n t e r v a l s .  H y p e r b o l i c  c u r v e s  w e r e  f i t  t o
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b o t h  d y n a m i c  a n d  s t a t i c  d a t a .  T h e s e  c u r v e s  d i d  n o t  a g r e e  
w e l l  w i t h  d a t a  a b o v e  t h e  s h e a r  s t r a i n  a m p l i t u d e  o f  
a p p r o x i m a t e l y  1 0 " ^ .  T h e r e f o r e  c u r v e  f i t t i n g  was  t e r m i n a t e d  
a t  s h e a r  s t r a i n  1 0 “ ^ a n d  a p p r o x i m a t e  t r e n d  o f  d a t a  w as  
f o l l o w e d  t o  c o n s t r u c t  h i g h e r  s t r a i n  r a n g e  o f  t h e  c u r v e s .
T h e  b e h a v i o u r  o f  t h e  s t a t i c  a n d  d y n a m i c  c u r v e s  a r e  
o b s e r v e d  t o  b e  v e r y  s i m i l a r  t o  t h e  r e s u l t s  o f  a n  e a r l i e r  
work  d o n e  b y  K a v a z a n j i a n  a n d  H ad j -H am ou  (34) ( F i g .  2 . 1 4 ) .  At 
lo w  s t r a i n  a m p l i t u d e s  t h e  d y n a m i c  a n d  s t a t i c  s t r e s s - s t r a i n  
b e h a v i o r  i s  q u i t e  d i f f e r e n t  f o r  s o f t  c l a y s  t h a n  t h e  g e n e r a l  
a s s u m p t i o n  o f  c o i n c i d e n c e .  Due t o  d e g r a d a t i o n ,  t h e  d y n a m i c  
s h e a r  m o d u l i  r e d u c e s  m u c h  f a s t e r  t h a n  t h e  s t a t i c  m o d u l i  
a b o v e  a  c e r t a i n  t h r e s h o l d  o f  s h e a r  s t r a i n  a m p l i t u d e .  T h u s  
t h e  d y n a m i c  c u r v e  c r o s s e s  o v e r  t h e  s t a t i c  c u r v e  a n d  
c o n t i n u e s  r e d u c t i o n  w i t h  r e s p e c t  t o  i n c r e a s i n g  s h e a r  s t r a i n  
a m p l i t u d e  w i t h  a  m u c h  h i g h e r  g r a d i e n t  t h a n  t h e  s t a t i c  
c u r v e .  I t  i s  n o t  u n r e a l i s t i c  t o  a s s u m e  t h a t  t h i s  r e d u c t i o n  
w o u l d ^ - g r a d u a l l y  l e v e l  o f f  a n d  j o i n  t h e  s t a t i c  c u r v e  a t  s o m e  
h i g h e r  s h e a r  s t r a i n  a m p l i t u d e .  L a c k  o f  d y n a m i c  d a t a  a t  
h i g h e r  s t r a i n  r a n g e s  (due  t o  e q u i p m e n t  l i m i t a t i o n ) ,  i n h i b i t  
v e r i f i c a t i o n  o f  t h i s  a s s u m p t i o n  i n  t h i s  s t u d y .  T h e  c r o s s  
o v e r  o f  t h e  d y n a m i c  c u r v e  i s  m o r e  e v i d e n t  i n  n o r m a l l y  
c o n s o l i d a t e d  s p e c i m e n s  [V T -R T 1 1  -  V T - R T 1 8 ] .  T h e  t h r e s h o l d  
s h e a r  s t r a i n  a m p l i t u d e  w h e r e  t h e  c r o s s  o v e r  o c c u r s  s e e m s  t o  
b e  b e t w e e n  1 0 “ ^ a n d  1 0 ” ^.
F o r  s p e c i m e n s  t e s t e d  u n d e r  h i g h e r  c o n f i n i n g  p r e s s u r e s  
b u t  i n d u c e d  p o r e  p r e s s u r e  r a t i o s  o f  0 . 5  a n d  0 . 6 7 ,  t h e
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s t a t i c  c u r v e  s h i f t s  down s i g n i f i c a n t l y ,  w h e r e a s  t h e  d y n a m i c  
c u r v e  t e n d s  t o  s h i f t  u p w a r d .  T h e  s t a t i c  m o d u l i  a r e  
s u b s t a n t i a l l y  a f f e c t e d  b y  t h e  e x c e s s  p o r e  w a t e r  p r e s s u r e s .  
T h e  d y n a m i c  m o d u l i ,  o n  t h e  o t h e r  h a n d ,  i n c r e a s e  w i t h  
i n c r e a s i n g  c o n f i n i n g  p r e s s u r e ,  a n d  a r e  n o t  a f f e c t e d  a s  much 
b y  e x c e s s  p o r e  w a t e r  p r e s s u r e s .  H o w e v e r ,  t h e  c l o s e  v a l u e s  o f  
G m a x - d y n a m i c  f o r  p o r e  p r e s s u r e  r a t i o s  o f  0 . 5  a n d  0 . 6 7  s h o w  
t h a t  a t  a  h i g h e r  p o r e  p r e s s u r e  r a t i o  t h e  e f f e c t  o f  c o n f i n i n g  
s t r e s s  i n c r e m e n t  d i m i n i s h .  T h e  a v e r a g e  v a l u e s  o f  Gmax f o r  
s t a t i c  a n d  d y n a m i c  t e s t s  l i s t e d  i n  T a b l e  4 .1  c o n f i r m s  t h e s e  
o b s e r v a t i o n s .  F o r  VT2-RT2 a n d  VT3-RT3 s e r i e s  o f  t e s t s ,  t h e r e  
i s  n o  a p p a r e n t  c o n f i r m a t i o n  t o  a s s u m e  t h a t  d y n a m i c  c u r v e  
d e g r a d e s  f a s t e r  t h a n  t h e  s t a t i c  c u r v e  b e c a u s e  s t a t i c  c u r v e  
s t a r t s  w i t h  s i g n i f i c a n t  r e d u c t i o n  d u e  t o  t h e  e f f e c t  o f  
e x c e s s  p o r e  p r e s s u r e .  I t  i s  i m p o r t a n t  t o  n o t e  t h a t  e f f e c t i v e  
c o n f i n i n g  s t r e s s  f o r  a l l  o f  t h e  t e s t s  a r e  t h e  s a m e ,  t h a t  i s  
1 0 0  k P a .
4 . 1 . 3  C o r r e l a t i o n  o f  V a r i o u s  T e s t  R e s u l t s
D e t e r m i n i n g  t h e  e f f e c t s  o f  e x i s t i n g  e x c e s s  p o r e  w a t e r  
p r e s s u r e  on  s h e a r  m o d u l u s  o f  s o f t  s a t u r a t e d  c l a y s  was  o n e  o f  
t h e  i m p o r t a n t  t a s k s  o f  t h i s  s t u d y .  T h e  r e s u l t s  f r o m  s t a t i c  
a n d  d y n a m i c  t e s t s  d i f f e r e d  i n  t h i s  a s p e c t  a l s o .  F i g .  4 . 2 5  
show s  t h e  v a r i a t i o n  o f  G m a x - s t a t i c  /  G m a x -d y n a m ic  r a t i o  w i t h  
p o r e  p r e s s u r e  r a t i o  (u r  = ue x c e s s  /  Pt ) . A h y p e r b o l i c  c u r v e  
was  f i t  t o  t h e  d a t a  t h r o u g h  t h e  mean  p o i n t s  o f  t h e  v e r t i c a l  
m o d u l i  r a t i o  r a n g e s  a t  4 d i f f e r e n t  u r  v a l u e s  (= 0 . 1 ,  0 . 5 ,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
94
0 , 6 7 ,  1 . 0 ) .  U s i n g  t h e  h y p e r b o l i c  v a r i a t i o n ,  G m a x - s / G m a x - d  
f o r  t h e  n o r m a l l y  c o n s o l i d a t e d  c a s e  (ur =0 . 0 ) i s  e s t i m a t e d  t o  
b e  0 . 8 5 .  T h e  e q u a t i o n  o f  t h e  c u r v e  i s  g i v e n  i n  t h e  f i g u r e  
( F i g .  4 . 2 5 ) .  T h i s  f i n d i n g  i s  i n  a g r e e m e n t  w i t h  o t h e r  
i n v e s t i g a t o r s '  f i n d i n g s  w h i c h  s h o w  s t a t i c  s h e a r  s t r e s s -  
s t r a i n  c u r v e  t o  l i e  b e l o w  t h e  f i r s t  c y c l e  ( b a c k b o n e )  c u r v e  
o f  c y c l i c  l o a d i n g  ( s e e  C h a p t e r  2 ) .
R e f e r i n g  b a c k  t o  t h e  G v s  Y c u r v e s ,  i t  i s  o b s e r v e d  t h a t  
d e g r a d a t i o n  i n  d y n a m i c  t e s t i n g  i s  e v i d e n t  a b o v e  s h e a r  s t r a i n  
a m p l i t u d e s  o f  1 0 “ ^ %. D e g r a d a t i o n  o f  s h e a r  m o d u l i  d u r i n g  
c y c l i c  l o a d i n g  i s  known t o  r e s u l t  f r o m  d y n a m i c  p o r e  p r e s s u r e  
b u i l d u p ,  s o f t e n i n g  d u e  t o  s t r e s s  r e v e r s a l ,  a n d  i n t e r n a l  
b r e a k u p  o f  s o i l  m a t r i x  s t r u c t u r e .  E v e n  a t  lo w  s t r a i n  c y c l i c  
l o a d i n g ,  a l l  o f  t h e  f a c t o r s  a b o v e  c o n t r i b u t e  t o  t h e  s l o w l y  
c h a n g i n g  c h a r a c t e r  o f  t h e  s o i l .  The same t h r e s h o l d  o f  s t r a i n  
t h a t  d e t e r m i n e  d e g r a d a t i o n  o f  s t r e s s - s t r a i n  b e h a v i o u r  seem 
t o  a p p l y  f o r  t h e  e f f e c t s  o f  e x i s t i n g  p o r e  w a t e r  p r e s s u r e s  
a l s o .
An i n c r e a s e  i n  t h e  c o n f i n i n g  p r e s s u r e  i n  r e s o n a n t  
c o l u m n  t e s t i n g  c o n t r i b u t e d  t o  t h e  i n c r e a s e  i n  Gmax f o r  2 0 0  
a n d  3 00  kPa  t o t a l  s t r e s s  t e s t s .  H o w e v e r ,  t h e  f a c t  t h a t  t h e r e  
w a s  e s s e n t i a l l y  n o  i n c r e a s e  f r o m  2 0 0  k P a  c a s e  t o  3 0 0  k P a  
c a s e  i n d i c a t e d  t h a t  t h e  h i g h e r  p o r e  p r e s s u r e  r a t i o  i n  t h e  
s e c o n d  c a s e  i n f l u e n c e d  t h e  m e a s u r e m e n t s .  T h e s e  f i n d i n g s  
p e r t a i n i n g  t o  r e s o n a n t  c o l u m n  t e s t s  show t h a t ,  t h e  maximum 
d y n a m i c  s h e a r  m o d u l u s  f o r  s o f t  c l a y s  i s  a  s t r o n g  f u n c t i o n  o f
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e f f e c t i v e  s t r e s s .  [ I t  i s  i m p o r t a n t  t o  n o t e  t h a t  a l l  o f  t h e  
s p e c i m e n s  u s e d  i n  t h i s  s t u d y  w e r e  c o n s o l i d a t e d  u n d e r  s a m e  
e f f e c t i v e  s t r e s s  a n d  t h e  e x c e s s  p o r e  w a t e r  p r e s s u r e s  w e r e  
i n d u c e d  ] .  D y n a m i c  m o d u l i  a r e  i n f l u e n c e d  b y  t o t a l  s t r e s s  
i n c r e a s e  m o r e  t h a n  p o r e  p r e s s u r e  i n c r e a s e  b e l o w  a  t h r e s h o l d  
o f  s h e a r  s t r a i n  a m p l i t u d e ,  w h i c h  i s  i d e n t i f i e d  t o  b e  1 0 “ 5 
f o r  t h e  s p e c i m e n s  t e s t e d .  I t  i s  o n l y  a t  h i g h  p o r e  p r e s s u r e  
r a t i o s  t h a t  m e a s u r a b l e  i n f l u e n c e  c a n  b e  o b s e r v e d .  T h e s e  
f i n d i n g s ,  h o w e v e r  d o  n o t  a p p l y  t o  s t r a i n  d e p e n d e n t  s h e a r  
m o d u l i  d u e  t o  f a s t  d e g r a d a t i o n  t h a t  s t a r t s  a t  v e r y  l o w  
s t r a i n s  f o r  s o f t  c l a y s .
Maxim um s t a t i c  m o d u l u s ,  o n  t h e  o t h e r  h a n d ,  m e a s u r e d  
t h r o u g h  s l o w  m o n o t o n i c  l o a d i n g  i s  v e r y  s e n s i t i v e  t o  t h e  
s t a t e  o f  e x c e s s  p o r e  w a t e r  p r e s s u r e  f o r  s o f t  s a t u r a t e d  
c l a y s .
O t h e r  p a r a m e t e r s  o b t a i n e d  f r o m  t r i a x i a l  v a n e  t e s t s  w e r e  
t h e  u n d r a i n e d  s h e a r  s t r e n g t h ,  Su ,  a n d  t h e  u n d r a i n e d  r e s i d u a l  
s h e a r  . s t r e n g t h ,  Ru ( s e e  T a b l e  4 . 5 ) .  S t a t i c  m ax im um  m o d u l u s  
v a l u e s  w e r e  n o r m a l i z e d  w i t h  t h e  c o r r e s p o n d i n g  Su v a l u e s .  
T h e s e  r a t i o s  w e r e  a l s o  c o r r e l a t e d  w i t h  p o r e  p r e s s u r e  r a t i o s ,  
a n d  a n  h y p e r b o l i c  c u r v e  w a s  f i t  t o  d a t a  i n  t h e  s a m e  m a n n e r  
a s  e x p l a i n e d  a b o v e .  T h e  d a t a  p o i n t s ,  f i t t e d  c u r v e ,  a n d  t h e  
e q u a t i o n  o f  t h e  c u r v e  a r e  g i v e n  i n  F i g  4 . 2 6 .  T h e  G m a x - s / S u  
a t  u c = 0 . 0  i s  a p p r o x i m a t e d  t o  b e  1 1 2 .  T h i s  v a l u e  i s  l o w e r  
t h a n  t h e  t y p i c a l  v a l u e s  c i t e d  i n  l i t e r a t u r e  a l l  o f  w h i c h  
w e r e  d y n a m i c  max im um  s h e a r  m o d u l u s  n o r m a l i z e d  b y  S u ,  a 
p r o p e r t y  d e t e r m i n e d  t h r o u g h  s t a t i c  t e s t s .
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U s i n g  t h e  S u / P p  ( P p = e f f e c t i v e  p r e c o n s o l i d a t i o n  
p r e s s u r e )  v s  P I  r e l a t i o n  o f  S k e m p t o n  f o r  n o r m a l l y  
c o n s o l i d a t e d  s o i l s ,  f o r  P I  o f  30  a n d  Pp v a l u e  o f  1 0 0  k P a ,  Su 
was  e s t i m a t e d  t o  b e  22 k P a .  U s i n g  a n o t h e r  a p p r o a c h  g i v e n  by  
A n d e r s o n  a n d  L u k a s  ( 8 5 ) ,  Su ,  a p p r o x i m a t e d  f o r  c o n s o l i d a t e d  
u n d r a i n e d  t r i a x i a l  c o m p r e s s i o n ,  was  27 k P a .  An a v e r a g e  v a l u e  
o f  25  k P a  w a s  c h o s e n .  T h e  a v e r a g e  v a l u e s  o f  Su o b t a i n e d  f r o m  
t r i a x i a l  v a n e  f o r  c o n f i n i n g  p r e s s u r e s  o f  1 0 0 ,  2 0 0 ,  a n d  3 0 0  
k P a  a r e  2 9 ,  36 a n d  36 k P a ,  r e s p e c t i v e l y .  T h e  e x p e r i m e n t a l  
v a l u e  f o r  t h e  n o r m a l l y  c o n s o l i d a t e d  c a s e  (ur  = 0 . 0 ) i s  16 % 
o v e r e s t i m a t e d  w i t h  r e s p e c t  t o  t h e  e m p i r i c a l  v a l u e  o f  Su ,  25 
k P a .  T h i s  i s  c o n s i d e r e d  t o  b e  a s m a l l  d e v i a t i o n  a n d  
t h e r e f o r e  t h e  m e a s u r e d  v a l u e  i s  v a l i d a t e d .  The o t h e r  two Su 
v a l u e s  d i s p l a y e d  s i m i l a r  b e h a v i o u r  a s  t h e  maximum d y n a m ic  
s h e a r  m o d u l i .  They  w e r e  n o t  p a r t i c u l a r l y  i n f l u e n c e d  b y  t h e  
e x c e s s  p o r e  w a t e r  p r e s s u r e s .  T h i s  o c c u r r e n c e  s t r o n g l y  
s u g g e s t s  t h a t  d u e  t o  l o w  a n g u l a r  r o t a t i o n  r a t e  o f  th e .  v a n e  
t h e r e  was  some a m o u n t  o f  l o c a l i z e d  p o r e  w a t e r  m i g r a t i o n  and  
p a r t i a l  d r a i n a g e  a r o u n d  t h e  v a n e  s h e a r  z o n e .  N e v e r t h e l e s s ,  
i n c r e a s e  i n  S u  w a s  n o t  s u b s t a n t i a l  t o  s u g g e s t  b a s i c  
v i o l a t i o n  o f  t h e  u n d r a i n e d  c o n d i t i o n s  o f  t h e  t e s t .  T h e  
i n v a r i a n c e  o f  Su w i t h  p o r e  p r e s s u r e  r a t i o  i s  i l l u s t r a t e d  i n  
F i g .  4 . 2 7 .  I t  i s  n o r m a l i z e d  w i t h  G m a x -d  f o r  c o m p a r i s o n  w i t h  
F i g . 4 . 2 5 .
U n d r a i n e d  r e s i d u a l  s h e a r  s t r e n g t h ,  Ru was  o b t a i n e d  by  
r o t a t i n g  t h e  v a n e  u p  t o  9 0  d e g r e e s  a f t e r  m ax im um  s t r e n g t h
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w a s  r e a c h e d .  Su a n d  Ru a r e  c o r r e l a t e d  i n  F i g  4 . 2 8 .  I f  t h e  
i n t e r c e p t  p a r a m e t e r  o f  t h e  c o r r e l a t i o n  e q u a t i o n  i s  
n e g l e c t e d ,  t h a n  s l o p e  o f  t h e  s t r a i g h t  l i n e  f i t t e d  t o  t h e  
d a t a  w o u l d  d i r e c t l y  r e p r e s e n t  R u / S u  r a t i o ,  w h i c h  i s  0 . 7 2 7 .  
T h i s  v a l u e  i s  h i g h e r  t h a n  t h e  v a l u e  r e p o r t e d  f o r  S a n  
F r a n s i s c o  b a y  mud o f  0 . 4 2  ( 4 8 ) .  Good c o r r e l a t i o n  o f  t h e  d a t a  
o n c e  a g a i n  v a l i d a t e s  t h e  r e p e a t a b i l i t y  o f  t h e  t e s t i n g  
p r o c e d u r e ;
T h e  y i e l d  s t r e s s  a n d  s t r a i n  v a l u e s  o b t a i n e d  f r o m  t h e  
b i l i n e a r  r e p r e s e n t a t i o n  o f  t h e  s t a t i c  s t r e s s - s t r a i n  c u r v e s  
w e r e  u s e d  t o  a s s e s s  t w o  i m p o r t a n t  c o r r e l a t i o n s .  F i g .  4 . 2 9  
s h o w s  t h e  v a r i a t i o n  o f  Gmax r a t i o  w i t h  y i e l d  s t r a i n .  Y i e l d  
s t r a i n  i n c r e a s e s  w i t h . d e c r e a s i n g  m o d u l i  r a t i o .  T h i s  
o c c u r r e n c e  c o n f i r m s  t h e  h i g h l y  n o n l i n e a r  b e h a v i o u r  o f  s o f t  
c l a y s .  V a r i a t i o n  o f  G w i t h  y i e l d  s t r a i n  p r o v i d e s  u s e f u l  
i n f o r m a t i o n  t h a t  c a n  b e  u s e d  i n  l i m i t  a n a l y s i s  a n d  
n u m e r i c a l  a n a l y s i s  t e c h n i q u e s .  A t h e o r e t i c a l  c u r v e  was  n o t  
f i t  t o - t h i s  d a t a .
Y i e l d  s t r e s s  w a s  c o r r e l a t e d  w i t h  u n d r a i n e d  s h e a r  
s t r e n g t h  a s  s h o w n  i n  F i g .  4 . 3 0 .  D a t a  s h o w e d  c o n s i s t e n t  
b e h a v i o u r .  T h i s  v a r i a t i o n  i s  s i g n i f i c a n t  i n  t h e  s e n s e  t h a t  
u s e f u l  i n f o r m a t i o n  c a n  b e  e x t r a c t e d  f o r  u s e  i n  n u m e r i c a l  
a n a l y s i s  t e c h n i q u e s .  T h e  s c a t t e r  o f  d a t a  b o t h  i n  y i e l d  
s t r a i n  a n d  y i e l d  s t r e s s  c o r r e l a t i o n s  a r e  d u e  t o  t h e  f a c t  
t h a t  d e t e r m i n a t i o n  o f  t h e s e  f a c t o r s  i n v o l v e s  t h e  
i n v e s t i g a t o r  i n t e r a c t i v e l y  i n  p r o g r a m  0PAUX3, c o n s e q u e n t l y  
o p e r a t o r  j u d g e m e n t  o r  e r r o r  b e c o m e s  a n  i n h e r e n t  f a c t o r .
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N e v e r t h e l e s s ,  l a r g e r  n um be r  o f  d a t a  c o l l e c t i o n  a n d  i n c r e a s e d  
e x p e r t i s e  s h o u l d  c e r t a i n l y  h e l p  t o  n a r r o w  down t h e  b a n d  o f  
s c a t t e r .
4 . 2  GENERAL DISCUSSION OF RESULTS 
D e g r a d a t i o n  o f  s o i l  s h e a r  m o d u l i  w i t h  c y c l i c  l o a d i n g  i s  
a n  i m p o r t a n t  f a c t o r  t o  c o n s i d e r  when m e a s u r i n g  l o w  s t r e s s -  
s t r a i n  p r o p e r t i e s  o f  s o f t  s a t u r a t e d  c l a y s  u s i n g  d y n a m i c  
t e s t i n g  m e t h o d s .  D e g r a d a t i o n  s t a r t s  a t  l o w  s h e a r  s t r a i n  
a m p l i t u d e s  a n d  i n t e r f e r e s  w i t h  d e t e r m i n a t i o n  o f  t h e  " t r u e "  
b a c k b o n e  c u r v e  i n  t h e s e  s o i l s .  As i l l u s t r a t e d  i n  F i g s .  4 .2  -  
4 . 9 ,  f o r  t h e  n o r m a l l y  c o n s o l i d a t e d  d u p l i c a t e  s p e c i m e n s ,  t h e  
d y n a m i c  m o d u l i  r e d u c t i o n  c u r v e  c r o s s e s  o v e r  t h e  s t a t i c  c u r v e  
a t  a  t h r e s h o l d  s t r a i n  a m p l i t u d e ,  a n d  c o n t i n u e s  r e d u c t i o n  
w i t h  a  f a s t e r  g r a d i e n t .  U s i n g  t h i s  i n f o r m a t i o n  a  s c h e m a t i c  
d i a g r a m  i l l u s t r a t i n g  s t a t i c  s t r e s s - s t r a i n  b e h a v i o u r  a n d  
d e g r a d e d  d y n a m i c  s t r e s s - s t r a i n  b e h a v i o r  w i t h  t h e  
s u p e r i m p o s e d  h y p o t h e t i c a l  f i r s t  c y c l e  d y n a m i c  s t r e s s - s t r a i n  
c u r v e  ( b a c k b o n e  c u r v e )  a r e  p r o d u c e d  i n  F i g .  4 . 3 1 .  Two s h e a r  
s t r a i n  l o c a t i o n s  Y 3 ,  Yc  a r e  i d e n t i f i e d  o n  t h e  d i a g r a m .  
S h e a r  s t r a i n  a m p l i t u d e  Y ^ ,  m a r k s  t h e  l o c a t i o n  w h e r e  t h e  
d i s t a n c e  b e t w e e n  t h e  s t a t i c  c u r v e  a n d  t h e  d e g r a d e d  d y n a m i c  
c u r v e  i s  t h e  l o n g e s t  b e f o r e  c r o s s o v e r  p o i n t .  I t  i s  t h e  f i r s t  
t h r e s h o l d  s h e a r  s t r a i n  a m p l i t u d e  w h e r e  d e v i a t i o n  o f  t h e  
e x p e r i m e n t a l  d y n a m i c  c u r v e  f r o m  t h e  t h e o r e t i c a l  b a c k b o n e  
c u r v e  s t a r t s .  S h e a r  s t r a i n  a m p l i t u d e  Yc , i s  t h e  s e c o n d  
t h r e s h o l d  v a l u e  a t  w h i c h  t h e  d e g r a d e d  d y n a m i c  c u r v e  c r o s s e s
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o v e r  a n d  s t a y s  b e l o w  t h e  s t a t i c  c u r v e  t h e r e a f t e r .  T e s t s  o f  
n o r m a l l y  c o n s o l i d a t e d  s p e c i m e n s  ( V T l - R T l )  r e v e a l e d  y c  v a l u e  
t o  l i e  b e t w e e n  1 0 “ ^ a n d  1 0 “ ^ .
T h e  o b s e r v a t i o n s  d i s c u s s e d  a b o v e  a r e  i m p o r t a n t  t o  
i n v e s t i g a t o r s  who a r e  i n v o l v e d  i n  l o w  s t r a i n  l i m i t  d e s i g n  
p r o b l e m s  i n  s o f t  s o i l s .  I n  o r d e r  t o  d e v e l o p  a  c o m p r e h e n s i v e  
t h e o r y  o f  l o w  s t r e s s - s t r a i n  b e h a v i o u r  o f  s o f t  s a t u r a t e d  
c l a y s  b o t h  u n d e r  c y c l i c  l o a d i n g  and  m o n o t o n i c  l o a d i n g ,  o n e  
h a s  t o  u n d e r t a k e  a n  e x t e n s i v e  e x p e r i m e n t a t i o n  p r o g r a m  
c o l l e c t i n g  a l a r g e  n um be r  o f  q u a l i t y  d a t a .  I n  t h e  a b s e n c e  o f  
l a r g e  n u m b e r  o f  d a t a ,  m o d e l l i n g  t e c h n i q u e s  w o r k  a s  w e l l  
p r o v i d e d  t h a t  r e a l i s t i c  p a r a m e t e r s  a r e  u s e d .  One s u c h  s t u d y  
c o n d u c t e d  b y  P r e v o s t  (56) on s o f t  s a t u r a t e d  c l a y s ,  r e v e a l s  
i n f o r m a t i o n  ( s e e  C h a p t e r  2 ) ,  w h i c h  f u r t h e r  s t r e n g t h e n s  t h e  
m a i n  c l a i m  o f  t h i s  s t u d y ,  w h i c h  i s  t h e  n e e d  t o  a s s e s s  l o w  
s t r a i n  s t a t i c  s h e a r  s t r e s s - s t r a i n  b e h a v i o u r  o f  s o f t  c l a y s  t o  
b e  a b l e  t o  d e f i n e  r e a l i s t i c  d e s i g n  p a r a m e t e r s .  A s c h e m a t i c  
d i a g r a m  o f  h y p o t h e t i c a l  f i r s t  c y l e  d y n a m i c  c u r v e  ,  s t a t i c  
c u r v e  a n d  a  t y p i c a l  h y s t e r e s i s  l o o p  r e p r e s e n t i n g  c y c l e  N=N^, 
a t  c o n s t a n t  s h e a r  s t r a i n  a m p l i t u d e ,  Y i s  s h o w n  i n  F i g  
4 . 3 2 .  T h e  e x p e r i m e n t a l  a n d  n u m e r i c a l  f i n d i n g s  o f  P r e v o s t  
s t u d y  s h o w  t h a t ,  t h e  g r a d i e n t  a t  t h e  t i p  o f  t h e  h y s t e r e s i s  
l o o p  a t  a n y  c y c l e  i s  e q u a l  t o  t h e  g r a d i e n t  ( t a n g e n t  m o d u l u s )  
o n  t h e  s t a t i c  c u r v e  a t  t h e  p a r t i c u l a r  s t r a i n  a m p l i t u d e ,  
^ 1 . T h e r e f o r e ,  i n  o r d e r  t o  u n d e r s t a n d  h y s t e r e s i s  b e h a v i o u r  
o f  s o f t  c l a y s  u n d e r  c o n t r o l l e d  l o a d i n g  c o n d i t i o n s ,  u s i n g  a
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l o w  s t r a i n  s t a t i c  c u r v e  w o u l d  p r o d u c e  m o r e  r e a l i s t i c  
i n f o r m a t i o n  t h a n  a d e g r a d e d  c y c l i c  c u r v e .  S i n c e  s o f t  
s a t u r a t e d  c l a y s  w i l l  e x h i b i t  d e g r a d a t i o n  u n d e r  c y c l i c  
l o a d i n g  e v e n  a t  t h e  l o w e s t  s h e a r  s t r a i n  a m p l i t u d e s  g e n e r a l l y  
p o s s i b l e  t o  m e a s u r e ,  a n d  i n f l u e n c e  s h e a r  s t r e s s - s t r a i n  c u r v e  
s u b s t a n t i a l l y ,  t h e  b e s t  s o l u t i o n  s e e m s  t o  u t i l i z e  a n  
a l t e r n a t i v e  t e s t i n g  m e t h o d .  T h i s  s t u d y  p r o p o s e s  a n d  t e s t s  a 
m e t h o d  w h i c h  p r o d u c e s  g o o d  r e s u l t s  b y  e l i m i n a t i n g  p r o b l e m s  
i n  a s s o c i a t i o n  w i t h  c y c l i c  l o a d i n g .
A n o t h e r  o u t c o m e  o f  t h e  m e t h o d  d i s c u s s e d  h e r e i n  i s  t h a t  
h i g h l y  d e t a i l e d  d a t a  c o u l d  b e  c o l l e c t e d .  The  e n l a r g e d  v i e w  
o f  t h e  i n i t i a l  p o r t i o n  o f  a  t y p i c a l  s h e a r  s t r e s s - s t r a i n  
c u r v e  g i v e n  i n  F i g .  3 . 1 9 a  i l l u s t r a t e s  t h i s  e f f e c t .  T h e  
n o n l i n e a r  n a t u r e  o f  t h e  r e l a t i o n  i s  e v i d e n t  e v e n  w i t h i n  t h e  
l o w  s t r a i n  r a n g e  o f  1 0 “ ^ .  T h e  f i n e  d e t a i l  i n  t h e  s t r e s s -  
s t r a i n  c u r v e  s h o w n  i n  F i g .  3 . 1 9 a  i n d i c a t e  m i c r o  s t r u c t u r e  
c h a n g e s  o c c u r r i n g  w i t h i n  s o i l  m a t r i x  e v e n  a t  t h e  lo w  s h e a r  
s t r a i n s  a p p l i e d .  T h e  p e r t u r b a t i o n  o f  t h e  s t r e s s - s t r a i n  c u r v e  
m a y  b e  a t t r i b u t e d  t o  s t r e s s  r e l a x a t i o n  o r  p h a s e  
t r a n s f o r m a t i o n s .  T h i s  o b s e r v a t i o n  s u g g e s t s  a  new  a r e a  o f  
r e s e a r c h  on  s o i l  s h e a r  b e h a v i o u r  u s i n g  t h e  t e s t i n g  m e th o d  
p r o p o s e d  i n  t h i s  s t u d y .
The  s i g n i f i c a n t  c o m p o n e n t s  o f  t h i s  s t u d y  w h i c h  m a k e s  i t  
o r i g i n a l  a s  w e l l  a s  b e n e f i c i a l  c a n  b e  s u m m a r i z e d  a s  f o l l o w s :
1 .  A s e m i - c o m p u t e r  a i d e d  e x p e r i m e n t  w a s  d e s i g n e d  a n d  
i m p l e m e n t e d  u t i l i z i n g  s t a t e - o f - a r t  i n s t r u m e n t a t i o n .
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2 .  D a t a  o b t a i n e d  u s i n g  t h e  n e w  s y s t e m  s h o w e d
s i g n i f i c a n t  i m p r o v e m e n t  w i t h  r e s p e c t  t o  s c o p e
a n d  d e t a i l  when c o m p a r e d  t o  d a t a  o b t a i n e d  t h r o u g h  
c o n v e n t i o n a l  t e s t i n g  m e t h o d s .
3 .  A n a l y s i s  o f  t h e  r e s u l t s  r e v e a l e d  i m p o r t a n t  f i n d i n g s  
p e r t a i n i n g  t o  l o w  s t r a i n  p r o p e r t i e s  o f  s o f t  
s a t u r a t e d  c l a y s .
4 .  The  s y s t e m  d e s i g n e d  a n d  t e s t e d  h e r e i n  c a n  b e  u s e d
t o  r e s e a r c h  v a r i o u s  c o n c e r n s  i n  l o w  s h e a r  s t r a i n
r a n g e  a n d  a l s o  w i t h  d i f f e r e n t  s o i l s ,  i n c l u d i n g  
c e m e n t e d  c l a y s .
T h e  r e s u l t s  p r e s e n t e d  i n  t h i s  s e c t i o n  s h o u l d  b e  r e v i e w e d  
w i t h  t h e  p r o v i s i o n  t h a t  t h e  t e s t i n g  m e t h o d  u t i l i z e d  t o  
o b t a i n  t h e s e  r e s u l t s  w a s  a  new m e t h o d  i n  t h e  r e s p e c t i v e  
a r e a .  T h e r e f o r e ,  d i r e c t  c o m p a r i s o n  o f  t h e  l o w  s t r a i n  r e s u l t s  
t o  t h a t  o f  o t h e r  s t a t i c  t e s t s  c o u l d  n o t  b e  m a d e .  H o w e v e r ,  
c o r r e l a t i o n s  w e r e  m a d e  w i t h  r e s p e c t  t o  d y n a m i c  t e s t  d a t a .  
Low s t r e s s - s t r a i n  b e h a v i o u r  p r o v e s  t o  b e  c o n s i s t e n t  w i t h  t h e  
a n t i c i p a t e d  a n d  w i d e l y  r e p o r t e d  h i g h l y - n o n l i n e a r  b e h a v i o u r  
o f  s o f t  c l a y s .  T h e  a c c u r a c y  o f  s t a t i c  d a t a  o b t a i n e d  u s i n g  
t h e  new  m e t h o d  i s  a s  s a t i s f a c t o r y ,  i f  n o t  b e t t e r  t h a n ,  t h e  
a c c u r a c y  o f  t h e  d y n a m i c  d a t a  o b t a i n e d  u s i n g  a n  e s t a b l i s h e d  
e q u i p m e n t  a n d  m e t h o d  ( s e e  T a b l e  4 . 1 ) .  I n  t h e  l i g h t  o f  t h e s e  
o b s e r v a t i o n s ,  t h e  new m e t h o d  o f  t e s t i n g  c a n  s a f e l y  b e  
c l a i m e d  t o  p r o d u c e  r e a l i s t i c ,  a c c u r a t e  a n d  r e p e a t a b l e  d a t a .  
M o r e o v e r ,  w i t h  t h e  e l i m i n a t i o n  o f  t h e  e f f e c t s  o f  c y c l i c
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d e g r a d a t i o n  d u e  t o  d y n a m i c  p o r e  p r e s s u r e  b u i l d u p ,  a n d  s t r e s s  
r e v e r s a l  i n  a l l  d y n a m i c  l a b o r a t o r y  t e s t s ,  t h i s  t e s t i n g  
m e t h o d  p r o v e s  t o  b e  a  v a l u a b l e  r e s e a r c h  t o o l  i n  l o w s t r a i n  
a n a l y s i s  o f  s o f t  s a t u r a t e d  c l a y s  a n d  may a s  w e l l  becom e one  
f o r  o t h e r  t y p e s  f i n e  g r a i n e d  s o i l s  .
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T a b l e  4 . 3  Low s t r a i n  p a r a m e t e r s  e s t i m a t e d  i n  t r i a x i a l  v a n e  
t e s t s ,  a n d  s t a t i s t i c a l  i n f o r m a t i o n  p e r t a i n i n g  t o  
d e t e r m i n a t i o n  o f  Gmax f ro m  0PAUX3
Gmax M i n . S t r a i n Y y i e l d Ty i e l d S t a n d a r d T e s t  o f
T e s t  No kPa M e a s u r e d ,% % kPa D e v i a t i o n F i t  ( r 2 ;
VT11 2709 2 .7 E - 4 5 .3 E -2 1 .4 4 0 .0 0 8 7 0 . 8 4 4 0
VT12 2887 4 .7 E -4 5 .9 E -2 1 . 7 1 0 .0089 0 .  5270
-VT13 2382 2 . 8 E - 4 3 .8 E -2 0 . 9 0 .0 1 2 0 0 . 9 4 1 0
VT14 1965 2 . 7 E - 4 5 .8 E -2 1 .1 5 0 .0 0 6 6 0 .9 0 3 5
VT15 2032 5 .9 E -4 308E-2 0 . 80 0 . 0 1 9 0 0 .8 4 6 9
VT16 3581 3 .8 E -4 3 .2 E -2 1 .1 5 0 .0 5 5 1 0 . 4 9 9 0
VT17 2073 2 . 8 E - 4 1 .0 E -2 2 .1 3 0 .0 9 3 7 0 .5 1 5 4
VT18 2635 3 . 5E-4 •4 .7 E -2 1 .2 5 0 .0 3 7 2 0 . 3 8 6 5
VT21 1310 706E-4 1 .8 E -1 2 .4 1 0 . 0 2 9 0 0 . 8 7 4 0
VT22 2171 5 .1 E -4 1 .2 E -1 2 . 6 5 0 .0 1 8 6 0 .9 1 3 8
VT23 1408 3 .8 E -4 2 .7 E -1 3 .8 6 0 .0164 0 .8 6 4 1
VT24 1488 1 . 1 E - 4 1 .6 E -1 2 .8 6 0 .0 1 6 4 0 .8 6 4 1
VT25 1959 2 . 4E-4 7 .5 E -2 1 .4 7 0 .0 1 0 6 0 . 9 5 9 1
VT26 1891. 2 . 9 E - 4 1 .7 E -1 3 .22 0 .0 1 5 6 0 .8 8 5 7
VT27 1965 2 . 8E-4 1 .1 E -1 2 .2 5 0 .0052 0 .9 8 7 9
VT28 2274 2 . 7 E - 4 6 .3 E -2 1 .4 4 0 .0 1 5 2 0 .9 2 5 9
VT29 1681 2 . 5 E - 4 1 .9 E -1 3 .1 5 0 .0 0 5 5 0 .9 8 5 6
VT210- 1713 3 . 5 E - 4 5 .8 E -2 1 .6 8 0 .0 1 2 4 0 . 9 5 9 5
VT31 763 3 .1 E -4 2 .0 E -1 1 .5 8 0 .0 0 7 8 0 . 9 9 5 1
VT32 800 5 . 2 E - 4 4 .0 E -1 3 . 3 0 0 .0 0 3 2 0 .9 9 8 6
VT33 1268 6 . 3 E - 4 1 . 1 E - 1 1 .3 6 0 .0 1 4 9 0 .  9720
VT34 1146 5 . 4 E - 4 5 .5 E -2 0 . 6 7 0 .0 1 6 9 0 .9 3 3 8
VT35 514 2 . 5 E - 4 1 . 2 E - 1 0 .6 6 0 . 0 0 5 0 0 .9 7 8 7
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T a b l e  4 . 4  Maximum s h e a r  m o d u l i  o b t a i n e d  f r o m  d y n a m i c  t e s t s  
a n d  t h e  s t a t i s t i c a l  p a r a m e t e r s  p e r t a i n i n g  t o  t h e  
h y p e r b o l i c  l i n e  f i t  t o  t h e  d a t a
Gmax Min . S t r a i n S t a n d a r d T e s t  o f
T e s t  No kPa M e a s u r e d ,% D e v i a t i o n F i t  ( r 2 )
RT11 3102 6 . 5  E-4 0 .7 7 5 E -8 0 .8 8 9 6
RT12 3874 4 . 5  E-4 0 .3 6 2 E - 8 0 .1 0 6 2
RT13 3998 8 . 3  E-4 0 . 2 0 5 E - 7 0 .5 4 1 5
RT14 3650 7 . 2  E-4 0 .5 0 5 E - 8 0 . 3 6 8 0
RT15 3131 7 . 6  E-4 0 . 402E-8 0 .0 0 1 1
RT16 4337 6 . 7  E-4 0 .2 3 2 E - 8 0 . 2 3 7 0
RT17 4083 . 5 . 5  E-4 0 .1 8 5 E - 7 0 .0 0 5 2
RT18 3998 5 . 5  E-4 0 . 2 0 5 E - 7 0 .5 4 1 5
RT21 5928 6 . 5  E-4 0 . 476E-8 0 .4 3 2 5
RT22 5945 4 . 9  E-4 0 . 568E-8 0 . 0 0  73
RT23 5643 7 . 2  E-4 0 .2 4 3 E -8 0 .1231
RT24 6264 3 . 4  E-3 0 .3 4 1 E - 8 0 . 2 8 0 7
RT25 4814 6 . 4  E-4 0 . 3 7 9 E - 7 0 . 3 3 5 0
RT25 4814 6 . 4  E-4 0 . 3 7 9 E - 7 0 . 3 3 5 0
RT26 4758 5 . 8  E-4 0 . 547E-8 0 .8 1 8 7
RT27 4831 5 . 9  E-4 0 . 330E-8 0 .0 0 4 5
RT28 5402 4 . 9  E-3 0 . 1 7 5 E - 6 0 .2 3 6 5
RT29 4702 1 . 6  E-3 0 . 9 8 4 E - 7 0 .2153
RT210 3812 4 . 1  E-4 0 . 2 3 8 E - 7 0 .1544
RT31 5986 3 . 8  E-4 0 .1 3 3 E - 6 0 .4328
RT32 4702 9 . 7  E-4 0 .1 5 4 E - 6 0 .4 1 9 5
RT33 5960 3 . 5  E-3 0 . 1 7 9 E - 7 0 .5127
RT34 4911 4 . 1  E-4 0 . 880E-8 0 . 4 3 8 0
RT35 4218 5 . 6  E-4 0 .4 5 0 E - 8 0 .4 5 9 4
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T a b l e  4 . 5  The  u n d r a i n e d  s h e a r  s t r e n g t h  ( -Su)  a n d  u n d r a x n e d  
r e s i d u a l  s h e a r  s t r e n g t h  (=Ru) v a l u e s  o b t a i n e d  
f r o m  t r i a x i a l  v a n e  t e s t s
T e s t  No Su (kPa) Ru (kpa)
V T l l 2 8 . 3 0 24 .47
VT12 25 .0 3 2 0 .8 0
VT13 29 .7 5 2 4 .8 0
VT14 23 .59 19 .93
VT15 31 .31 25 .57
VT16 34 .02 26 .48
VT17 32 .46 2 5 . 6 0
VT18 2 8 .0 7 2 0 .2 0
VT21 - -
VT22 - -
VT23 4 2 .0 9 33 .36
VT24 46 .27 3 3 .1 0
VT25 27 .72 2 0 . 88
VT26 2 4 .5 0 21 .36
VT27 3 4 .69 27 .37
VT28 3 5 .26 25 .34
VT29 3 6 .69 28 .71
VT210 39 .77 2 6 .7 7
VT31 - -
VT32 - -
VT33 3 0 .4 5 2 9 .18
VT34 34 .56 31 .23
VT35 42 .23 34 .76
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS
A new m e t h o d  w a s  d e s i g n e d  a n d  i m p l e m e n t e d  t o  m e a s u r e  
l o w  s t r a i n  s h e a r  p r o p e r t i e s  o f  s o f t  s a t u r a t e d  c l a y s .  The  
m e t h o d  b a s i c a l l y  c o n s i s t e d  o f  a n  u n c o n v e n t i o n a l  u s e  o f  
t r i a x i a l  v a n e  d e v i c e  a n d  f u l l y  c o m p u t e r i z e d  d a t a  
a c q u i s i t i o n .  The  r e s u l t s  o b t a i n e d  t h r o u g h  t h i s  m e t h o d  w e re  
c o m p a r e d  a n d  c o r r e l a t e d  w i t h  t h e  r e s u l t  o b t a i n e d  t h r o u g h  an  
e s t a b l i s h e d  d y n a m i c  t e s t i n g  m e t h o d ,  n a m e l y  r e s o n a n t  c o l u m n .  
C o n c l u s i o n s  made  p e r t a i n i n g  t o  t h i s  s t u d y  a r e  l i s t e d  b e l o w :
5 . 1  ABOUT EXPERIMENTAL METHOD
1.  A s e m i - c o m p u t e r  a i d e d  r e s e a r c h  t o o l  w a s  d e v e l o p e d  
a n d  i m p l e m e n t e d .  The s y s t e m  i s  f l e x i b l e  a n d  l e n d s  i t s e l f  t o  
b e  m o d i f i e d  f o r  d i f f e r e n t  a p p l i c a t i o n s ,  e . g .  a x i a l  o r  o t h e r  
t y p e s  o f  t o r s i o n a l  s h e a r  l o a d i n g .  V a r i e t y  o f  f i n e  g r a i n e d  
s o i l  t y p e s  o t h e r  t h a n  s o f t  c l a y s  c a n  b e  t e s t e d .  One g o o d  
e x a m p l e  i s  c e m e n t e d  c l a y s .
2 .  S c o p e  o f  o b t a i n a b l e  d a t a  c o v e r s  a  w i d e  r a n g e  f r o m  
1 0 " *  % r e s o l u t i o n  t o  20% ( o r  l a r g e r )  s h e a r  s t r a i n  
a m p l i t u d e s .  A c c u r a c y  o f  d a t a  i s  c o m p a r a b l e  w i t h  t h e  a c c u r a c y  
d e l i v e r e d  b y  m o r e  e s t a b l i s h e d  m e t h o d s  o f  t e s t i n g .  I n  
c o m p a r i s o n  w i t h  r e s o n a n t  c o l u m n  d a t a ,  l o w e r  s t a n d a r d  
d e v i a t i o n s  a r e  o b s e r v e d .  P r e c i s i o n  i s  h i g h  c o r r e s p o n d i n g  t o  
a p p r o x i m a t e l y  1 5 0 0  d a t a  p o i n t s  s a m p l e d  w i t h i n  1% s h e a r  
s t r a i n  r a n g e .  M ore  r e a l i s t i c  lo w  s t r a i n  s h e a r  p a r a m e t e r s  c a n  
b e  o b t a i n e d  f o r  s o f t  s a t u r a t e d  c l a y s .
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5.2 ABOUT RESULTS
1. The  d y n a m i c  a n d  s t a t i c  s h e a r  m o d u l i ,  G v e r s u s  s h e a r  
s t r a i n ,  Y v a r i a t i o n  r e v e a l s  d e t a i l e d  i n f o r m a t i o n  a t  lo w  
s t r a i n  r a n g e s  w h i c h  i s  v a l u a b l e  f o r  n u m e r i c a l  a n a l y s i s  
m e t h o d s ,  a n d  b a s i c  u n d e r s t a n d i n g  o f  s o f t  s a t u r a t e d  c l a y  
b e h a v i o u r  a t  t h e s e  s t r a i n  a m p l i t u d e s .  D e g r a d a t i o n  o f  d y n a m ic  
s h e a r  m o d u l i  i s  f o u n d  t o  b e  a  m a j o r  c o m p l i c a t i n g  f a c t o r  i n  
a s s e s s i n g  lo w  s t r a i n  p r o p e r t i e s  o f  s o f t  c l a y s  u s i n g  d y n a m ic  
t e s t i n g  m e t h o d s .  T h e  i n f o r m a t i o n  o b t a i n e d  f r o m  t h e  s t a t i c  
t e s t i n g  i n  t h i s  s t u d y  w a s  u s e d  t o  i d e n t i f y  i m p o r t a n t  
p a r a m e t e r s  o f  a  t h e o r e t i c a l  m o d e l  c o m p l y i n g  w i t h  t h e  
f i n d i n g s  o f  o t h e r  r e s e a r c h e r s .
2.  E f f e c t s  o f  t o t a l  a n d  e f f e c t i v e  s t r e s s e s  a n d  e x i s t i n g  
e x c e s s  p o r e  w a t e r  p r e s s u r e s  on  t h e  m e a s u r e m e n t  o f  d y n a m i c  
a n d  s t a t i c  m a x im um  m o d u l i  a r e  c o m p a r e d .  F o r  n o r m a l l y  
c o n s o l i d a t e d  m a t e r i a l  t h e  r a t i o  o f  maximum s t a t i c  m o d u l u s  t o  
d y n a m i c  m o d u l u s  i s  e s t i m a t e d  t o  b e  0 . 8 5  (= G m a x - s / G m a x - d ) .
3 . - E f f e c t s  o f  t o t a l  a n d  e f f e c t i v e  s t r e s s e s  a n d  e x i s t i n g  
e x c e s s  p o r e  p r e s s u r e s  o n  t h e  m e a s u r e m e n t  o f  G m a x / S u  r a t i o  
a r e  i n v e s t i g a t e d .  F o r  n o r m a l l y  c o n s o l i d a t e d  m a t e r i a l  Gmax/Su 
r a t i o  was  e s t i m a t e d  t o  b e  112 .
4 .  Y i e l d  p a r a m e t e r s  ( Yy , T y )  ,  w i t h  r e s p e c t  t o  
b i l i n e a r  m o d e l l i n g  o f  t h e  l o w  s t r a i n  r a n g e  o f  t h e  s t r e s s -  
s t r a i n  c u r v e  a r e  e s t i m a t e d  a n d  some c o r r e l a t i o n s  m a d e .  I t  i s  
recom m ended  t h a t  f u r t h e r  r e s e a r c h  i s  n e e d e d  on  t h i s  s u b j e c t  
a r e a  t o  a c h i e v e  l e s s  s c a t t e r  i n  d a t a .
5 .  T h e  s y s t e m  c a n  s u c c e s s f u l l y  b e  u t i l i z e d  t o  a s s e s s
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l a r g e  s t r a i n  p r o p e r t i e s  a l s o .  An e x a m p l e  o f  w h i c h  was  g i v e n  
b y  m e a s u r i n g  a n d  c o r r e l a t i n g  t h e  u n d r a i n e d  s h e a r  s t r e n g t h  
a n d  t h e  u n d r a i n e d  r e s i d u a l  s h e a r  s t r e n g t h .
5 .3  GENERAL CONCLUSIONS AND RECOMMENDATIONS
1.  D ynam ic  t e s t i n g  o f  s o f t  s a t u r a t e d  c l a y s  c a n  p r o d u c e  
m i s l e a d i n g  r e s u l t s  w i t h  r e s p e c t  t o  e x i s t i n g  p o r e  p r e s s u r e s  
b e l o w  a  c e r t a i n  t h r e s h o l d  a m p l i t u d e  o f  s h e a r  s t r a i n .  
S u b s t a n t i a l  i n f l u e n c e  o f  d e g r a d a t i o n  a b o v e  a  t h r e s h o l d  o f  
s h e a r  s t r a i n  w i l l  r e s u l t  i n  u n r e a l i s t i c  p r e d i c t i o n  o f  c y c l i c  
s t r e s s - s t r a i n  b e h a v i o u r .  F r e q u e n c y  o f  l o a d i n g  a p p l i e d  i n  
m o s t  d y n a m i c  t e s t i n g  m e t h o d s  w i l l  n o t  p r o p e r l y  s i m u l a t e  
a c t u a l  l o a d i n g  c o n d i t i o n s  i n  some a p p l i c a t i o n s .  I n  o r d e r  t o  
e l i m i n a t e  t h e  c o m p l i c a t i n g  f a c t o r s  c i t e d  a b o v e ,  a  new  l o w  
s h e a r  s t r a i n  a m p l i t u d e  t e s t i n g  m e th o d  i s  p r o p o s e d .
2.  The new m e t h o d ,  d e s i g n e d  a n d  i m p l e m e n t e d ,  p r o v e s  t o  
b e  a n  i m p r o v e m e n t  o v e r  t h e  e x i s t i n g  t e c h n i q u e s  o f  l o w  s t r a i n  
s h e a r  t e s t i n g  o f  s o f t  s a t u r a t e d  c l a y s .
3 .  T h e  new  m e t h o d  c a n  a l s o  b e  u t i l i z e d  i n  o t h e r  a r e a s  
o f  r e s e a r c h  i n c l u d i n g  v a n e  t e s t i n g  m e c h a n i s m ;  d e t a i l e d  
a n a l y s i s  o f  l o w  s t r a i n  n o n l i n e a r i t y  o f  s o f t  s o i l s  a n d  l o w  
s t r a i n  p r o p e r t i e s  o f  l e s s  u n d e r s t o o d  m a t e r i a l s  s u c h  a s  
c e m e n t e d  s o i l s .
4 .  T h e  d a t a  a c q u i s i t i o n  t e c h n i q u e  d e s c r i b e d  i n  t h i s  
s t u d y  i s  a  new t o o l  t o  o b t a i n  b e t t e r  q u a l i t y  d a t a  a n d  c a n  
e a s i l y  b e  a d o p t e d  t o  o t h e r  t e s t i n g  m e t h o d s  w i t h  s o m e  
m o d i f i c a t i o n s .
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ELECTRONIC AUTOCOLLIMATOR 
M ode l  1 0 0 0 - 1 3 5
M a n u f a c t u r e r  : U n i t e d  D e t e c t o r  T e c h n o l o g y  (UDT)
3939  L andm ark  S t r e e t  
C u l v e r  C i t y ,  CA 9 0 2 3 0  
(2 1 3 )  2 0 4 - 2 2 5 0
S p e c i f i c a t i o n s
Beam D i a m e t e r  ..............  45 mm
O v e r a l l  L e n g t h ,  i n c l u d i n g  l e n s ................ ..............  1 80  mm
A n g u l a r  c o v e r a g e  ..............  0 . 0 7 4  r a d
A n g u l a r  r e s o l u t i o n  ( w i t h  OP-EYE 4) ..............  0 . 5  a r c  s e c .
L i n e a r i t y  i n  a n g u l a r  c o v e r a g e
c e n t r a l  25 %....... ..............  0 . 5 - 5  %
c e n t r a l  75 %......................  5 - 2 0  %
LED i n p u t  c u r r e n t , D C ......................................... .............. 100  mA
LED w a v e l e n g t h .......................................................... ..............  880  nm
T e m p e r a t u r e  c o e f f i c i e n t  d r i f t .................................  0 . 4  a r c  s e c . / ° F
OP-EYE g a i n  r e q u i r e d  f o r  op t im um
o p e r a t i o n ............................................. ..............  200K
S e n s i t i v i t y  f a l l o f f  w i t h  d i s t a n c e  ..............  0 . 7 % / i n c h
OPTICAL POSITION INDICATOR 
Model  OP-EYE-4
M a n u f a c t u r e r : U n i t e d  D e t e c t o r  T e c h n o l o g y  (UDT)
S p e c i f i c a t i o n s
P r o g r a m m a b l e  g a i n     1 , 1 0 , 1 0 0 , 5 0 0
A/D r e s o l u t i o n  .............................................  1 6 - b i t
F r e q u e n c y  r e s p o n s e  o f  A/D ...................................... .. 2 . 5  kHz
( 6 2 5  Hz f o r  e a c h  d u a l  
a x i s  d e t e c t o r )
I n t e r f a c e    RS-232C ( 9 6 0 0  Baud)  and
I E E - 4 8 8  p o r t s  o n  r e a r  
p a n e l
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BAL-SEAL 
S e r i e s  R 3 0 4 A - ( . 1 2 5 )  S P -2 3
M a n u f a c t u r e r ; B a l - S e a l  Eng .  Co.
6 20  W .W arner  A v e .
S a n t a  A n a ,  C a l i f o r n i a  92707  
(714 )  557 5192
S p e c i f i c a t i o n s
M a t e r i a l  T e f l o n
ID (cm) 0 . 1 2 5  + / -  0 . 0 0 5
OD f l a n g e  (cm) 0 . 4 3 4  + / -  0 . 0 1 0
Maximum p r e s s u r e  ( k g / c m 2 ) 10
Maximum c l e a r a n c e  (mm) 0 . 1 3
W ire  d i a m e t e r  (cm) 0 . 0 1 1
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c *
C OPCALIB.FOR *
C *
C THIS IS AN INTERACTIVE FORTRAN GRAPHICS PROGRAM *
C TO CALIBRATE, COLLECT AND STORE ANGULAR ROTATION *
C DATA VIA AUTOCOLLIMATOR AND OP-EYE *
C *
C By SIBEL PAMUKCU *
C *
C L a te s t  R ev ision  : February  1986 *
C *
C* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c 
c
COMMON/POSA (3500) ,Z (3500)
COtWON/GRAPH/lX(3500),IZ (3500)
COMMON KK,NDATA,CR,R
INTEGER*2 IX,IZ,NUM,KK,IL,M3ATA,NUMB,I,J,K,IC0L 
INTEGER*2 INZEN,N(6 ) ,DATA(6 ),IMIN,IMAX,IF£AG,NBEG,IIZ 
INTEGER*2 IST,IFN,RFAC,NI,N3,NTOT,N5,N6,N6Pl 
INTEGER*2 KEY,INKEY,IIX,IMP1 
CHARACTER*1 CK,CR,R,GAIN 
CHARACTER*10 DATF 
CALL CLS 
WRITE(* ,5)
5 FORMAT( ' ENTER DATA FILE NAME ==> ' , \ )
READ( * , ' (A10)' )  DATF
WRITE(*,6)
6 FORMAT('ENTER MOTOR SPEED REDUCTION (%) ==> ' , \ )
READ(*,'(14 ) ' )  RFAC
C
OPEN(8,FILE=DATF,STATUS®'NEW' ,FORM=’BINARY’)
W^ITE(*,10)
10 FORMAT( ' TORN ON OPEYE AND HIT RETURN ’ , \ )
READ(*,'(A1)' )  CK 
20 NUM-INZEN (NUM)
IF(NUM.NE.42) GO TO 20
C
C INITIALIZE OPEYE (Ml,S4,C4)
C
CR=CHAR(13)
R=CHAR(82)
CK=CHAR (77)
CALL OUTZEN (CK)
CK=CHAR(49)
CALL OUTZEN (CK)
CK=CHAR(83)
CALL OUTZEN (CK)
CK«CHAR(52)
CALL OUTZEN (CK)
CK«CHAR(67)
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CALL OUTZEN(CK)
CK=CHAR(52)
CALL OUTZEN (CK)
CALL OUTZEN(CR)
30 NUM=INZEN (NUM)
IF(NUM.NE.42) GO TO 30 
GAIN=CHAR(50)
CK=CHAR(71)
CALL OUTZEN (CK)
CALL OUTZEN (GAIN)
CALL OUTZEN (CR)
40 NUM=INZEN (NUM)
IF(NUM.NE.42) GO TO 40
C
CALFAC=0.25
IF(RFAC.GT.50) CALFAC=2.0
IF(RFAC.LE.50) CALFAC=1.0
IF(RFAC.LE.40) CALFAC=0.75
IF(RFAC.LE.30) CALFAC=0.5
IF(RFAC.LE.20) CALFAC=0.25
XMAX=0.0
XMIN=0.0
IFLAG=1
NDATA=1
IC0L=6
CALL CLS
CALL LINE(0,112 ,6 2 0 ,1 1 2 ,3 ,-1 ) 
KK=0
ZDUM=RDTIME (0)
CALL ASSEM 
X1=ABS(X(NDATA))
X(NDATA)=X(NDATA)-XI 
IX (1)=112
IZ (1)=NINT(CALFAC* Z(NDATA))
C
C INITIALIZATION COMPLETE 
C
1010 NDATA=NDATA+1 
KK=0
C
CALL ASSEM
C
C STEPS BRANCH FROM HERE
C
X (NDATA) =X (NDATA)-XI 
IF(IFLAG.EQ.2) GO TO 1050
IF(IFLAG.EQ.3) GO TO 1500
C * * * * * * * * * * * * *
C IFLAG IS 1
C  * * * * * * * * * * * * *
IF(X(NDATA).LT.XMIN) THEN 
XMIN=X (NDATA)
IMIN=NDATA
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END IF
IF(X(NDATA).GT.XMAX) THEN 
XMAX-X (NDATA)
IMAX=NDATA 
END IF
KEY-INKEY ()
IF(KEY.NE.13) GO TO 1500 
WRITE(*,201)
READ(*,' (A l ) ' )  CK 
IST=IMIN+ (IMAX-IMIN) /4  
IFN=IMIN+3* (IMAX-IMIN)/4 
CALL FIT (Z,X, 1ST, IFN,A,B,RS, SIG)
DO 220 I=IMIN,IMAX 
X(I)=A+B*Z(I) ,
220 CONTINUE
IMPl=IMIN+l
IX (IMIN)=112-NINT (350*X (IMIN))
DO 225 I-IMP1,IMAX 
IX (I)=112-NINT (350*X ( I ) )
CALL LIN E(IZ(I-1) ,IX (I-1 )  , IZ ( I )  , IX (I )  ,1 ,-1 )
225 CONTINUE
BCAL=(RFAC*1.009997-7.629231)*0.001 
RAD=(BCAL*3.141592654)/(B * 1 8 0 .)
WRITE(*,226) XMAX,XMIN,B, RS, SIG*100,RAD
226 FORMAT( ' XMAX=> ' , F 8 . 5 , ' .  XMIN=> ' , F 8 . 5 , '  B=> ',F 1 0 .8 ,
&' RS=> ' ,F 6 .4 , ' SIG=>
&' CALIBRATION CONSTANT = > ',G 1 5 .8 ,' RADIANS/UNIT READING') 
CALL COLOR(2 ,-1 )
IZ(NDATA)=NINT(CALFAC*Z(NDATA))
IX(NDATA)=112-NINT(350*X(NDATA))
IFLAG=2
ICCL=4
WRITE(*,202)
READ(*,' (Al) ’ ) CK 
BASE-Z(NDATA)
ZDUMSRDTIME (0)
GO TO 1010
C ***************
C IFLAG IS 2
C  * * * * * * * * * * * * * * *
1050 OCM'INUE
KEY-INKEY ()
IF(KEY.NE.13) GO TO 1500 
ZD=Z(NDATA)
201 FORMAT( ' TURN OFF VANE 11 HIT RETURN ' , \ )
202 FORMAT( ' REVERSE VANE , HIT RETURN ' , \ )
CALL COLOR(7 ,-1 )
WRITE(*,230)
230 FORMAT( ' SET READY FOR STEP 3 -  ADJUST BEGINNING POSITION' , \ )
C
C  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
IIZ=NINT(CALFAC* (BASE-ZD))
DO 99 LL=1,10
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READ(*# * (A l ) ' )  CK 
KK=0
XBEG=X(NDATA)-XI 
IIX=112-NIOT(350*XBEG)
CALL PSE T (IIZ ,IIX ,2)
99 CONTINUE
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
NDATA=1 
ZBEG=BASE-ZD 
X (NDATA)=XBEG
IX (NDATA)=112-NINT (350*XBEG)
IZ(NDATA)=NIMT (CALFAC*ZBEG)
IFLAG=3
ICOL=l
WRITE(*,202)
READ(*,' (A l ) ' )  CK 
ZDUM=RDTIME (0)
Z (NDATA)=ZDUM 
GO TO 1010
(j  * * * * * * * * * * *
C FLAG IS 3
C  * * * * * * * * * * *
C
1500 CONTINUE
IX (NDATA)=112-NINT (350*X (NDATA))
IF(IFLAG.EQ.l) THEN
IZ(NDATA)=NINT(CALFAC* Z(NDATA))
IF(NDATA.EQ.l) GO TO 1010 
ENDIF
IF(IFLAG.EQ.2) THEN
IZ(NDATA)=NINT(CALFAC*(BASE-Z(NDATA)))
ENDIF
IF(IFLAG.EQ.3) THEN
IF(NDATA.EQ.3250) GO TO 2000
IF(Z(NDATA).LE.Z(NDATA-l)) GO TO 2000
KEY=INKEY ()
IF(KEY.EQ.13) GO TO 2000
IZ(NDATA)=NINT (CALFAC*(ZBEG+Z(NDATA)))
IF(IZ(NDATA) .GT.620) GO TO 3000 
ENDIF
CALL LINE(IZ(NDATA-1) , IX(NDATA-1) , IZ(NDATA), IX(NDATA), ICOL,-1 )  
GO TO 1010 
3000 CONTINUE 
N5=NDATA-1 
N6=NDATA
IZ(NDATA)=IZ(NDATA)-620 
3100 NDATA-NDATA+1 
KEY-INKEY()
IF(KEY.EQ.13) GO TO 2000 
KK=0
CALL ASSEM
IF(NDATA.EQ.3250) GO TO 2000
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IF(Z(NDATA).LE.Z(NDATA-1)) GO TO 2000
X(NDATA)=X(NDATA)-XI
IX(NDATA)=112-NIMT (350*X (NDATA))
IZ(NDATA)=NINT(CALFAC*(ZBEG+Z(NDATA)))-6 2 0  
CALL LINE(IZ(NDATA-1), IX(NDATA-1),IZ(NDATA),IX(NDATA),ICOL, 
GO TO 3100 
2000 CONTINUE
WRITE (*,201)
RERD(*, '(A1) ')  CK 
NT0T=NDATA-1
C
WRITE(8) RFAC, NTOT
WRITE(8) A,B
WRITE(8) ffiEG,XMAX,Xl
WRITE (8) ( I ,X(I) ,Z(I) , I=1 ,NT0T)
CALL CLS
CALL LINE(0 ,1 1 2 ,6 2 0 ,1 1 2 ,3 ,-1 )
N3=NT0T
IF(N5.NE.O) N3=N5 
DO 119 1=2,N3
CALL L I N E ( I Z ( I - 1 ) , I X ( I - 1 ) , I Z ( I ) , I X ( I ) , 2 , -1 )
119 CONTINUE
IF(N6.NE.O) THEN 
N6P1=N6+1 
DO 129 I=N6Pl,MP0T
CALL LIN E(IZ(I-1) , IX (1-1) , IZ ( I )  , IX(I)  ,2 ,-1 )
129 CONTINUE 
ENDIF
WRITE (*,240)
240 FORMAT( ' *** HARD COPY *** ' , \ )
READ(*, '(Al)' )  CK
STOP
END
C
c  * * * * * * * * * * * * * * * * * * * *
c
SUBROUTINE ASSEM 
<X*flON/POSA (3500) ,Z (3500)
COMMON KK,tDATA,CR,R 
CHARACTER*1 CR,R
INTEGER*2 NUM,KK,EDATA,INZEN,I,J,K,NUMB 
INTEGER*2 N(6 ) ,DATA(6)
CALL OUTZEN(R)
CALL OUTZEN (CR)
Z(NDATA)=RDTIME(1)
C
1000 KK=KK+1
DO 50 J = l ,1 2  
50 NUM=INZEN (NUM)
60 NUM=INZEN (NUM)
IF (NUM. NE. 116) GO TO 60 
NUM=INZEN (NUM)
NUM=INZEN (NUM)
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1=1
N ( I )=INZEN (NUM) -48 
70 1=1+1
N (I)=INZEN (NUM)-48 
IF(N(I) .NE.-35) GO TO 70 
J= I-1  
NUI«=0 
1=0 
K=1
80 NUMB=NUMB+N(J - I )*K
1=1+1 
K=K*10
IF ( I .L T .J )  GO TO 80
C
C NUMB IS THE NUMBER
C
DATA(KK)=NUMB 
IF(KK.EQ.4) GO TO 90 
GO TO 1000 
90 CONTINUE
C -
C FIND *
C
92 NUM=INZEN (NUM)
IF(NUM.NE.42) GO TO 92 
Xl=DATA(l)
X2=DATA(2)
X(NDATA)= (X1-X2)/(X1+X2+0.0001)
RETURN
END
C
SUBROUTINE FIT (XX,ZZ,IB,NE,A,B,RS,SIG)
DIMENSION XX(1),ZZ(1)
INTEGER*2 NB,NE,I,NT
C
C A IS THE INTERCEPT, B IS THE SLOPE OF A STRAIGHT LINE FIT 
C
XS=0.0
ZS=0.0
XZS=0.0
XXS=0.0
ZZS=0.0
NT=NE-IB+1
DO 100 I=NB,NE
XS=XS+XX(I)
ZS=ZS+ZZ(I)
XZS=XZS+(XX(I)*ZZ(I))
XXS=XXS+(XX(I)*XX(I))
ZZS=ZZS+(ZZ(I)*ZZ(I))
100 CONTINUE
A=( (XZS*XS)-(ZS*XXS)) / ( (XS*XS)-(NT*XXS))
B= ( (ZS*XS)- (NT*XZS)) / ( (XS*XS)- (MT*XXS))
SSTO=ZZS-(ZS*ZS)/NT
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SSE=0.0 
DO 200 1=4®,NE 
ZHAT=A+B*XX ( I ) 
ZDIF=ZZ(I )-ZHAT 
SSE=SSE+(ZDIF*ZDIF) 
200 CONTINUE
RS=1- (SSE/SSTO)
SIG=SQRT(SSE/(NT-2))
RETURN
END
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c *
C 0PAUX1.F0R *
C *
C THIS IS AN INTERACTIVE GRAPHICS PROGRAM TO FILTER *
C DAT AND CAL FILES USING RUNNING MEAN METHOD *
C *
C B y  SIBEL PAMUKCU *
C *
C L a te s t  r e v is io n  : F ebruary  1986 *
C *
C STEP NO 1 ******************** *
C *
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
C 
C
GOMMCN/POS/X (3500) ,Z (3500)
COmON/GRAPH/tX (3500) ,  IZ (3500)
COMMON/AUXAS (3500), IXS (3500)
INTEGER*2 IX,IZ,IXS,NDUM(20),ISM(20)
INTEGER*2 I,J,K ,L ,N L ,lB ,M )Pl,M )
INTEGER*2 RFAC,IFLAG,NLAST 
CHARACTER*10 DATIN 
CHARACTER4!  CK 
CALL CLS 
WRITE(* ,5)
5 FORMAT ( ' ENTER INPUT DATA FILE NAME ==> ' , \ )
READ ( * , ' (AlO)' )  DATIN
OPEN(8,FILE=DATIN, STATUS=' OLD1,FORM='BINARY')
IFLAG-1 
500 CONTINUE
WRITE(*,10) DATIN 
10 FORMAT( ' READING AlO ,'FILE . . .  PLEASE WAIT ')
READ (8) RFAC,NLAST
READ(8) A,B
READ(8) ZBEG,XMAX,X1
READ(8) (ND,X(I) ,Z(I),I=1,NLAST)
CLOSE(8 ,STATUS=' KEEP1)
C
CALL COLOR(2 ,-1 )
WRITE(*,35)
35 FORMAT( ' PROCESSING... WAIT ' , \ )
XW1=X (1)
DO 40 I=1,NLAST 
IF(X(I) .LE.XNM) XM*1=X (I)
40 CONTINUE
XDIF=X(NLAST)-XNM 
ZDIF=Z(NLAST)-Z(1)
DO 45 I=1,NLAST
IZ(I)=1+N IN T(620*(Z(I)-Z(1))/ZD IF)
IX ( I ) =220-NINT (220* (X ( I ) -XNM) /XDIF)
45 CONTINUE
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50 CALL CLS
DO 55 I = 2 ,NLAST
CALL L I N E ( I Z ( I - 1 ) , I X ( I - 1 ) , I Z ( I ) , I X ( I ) , 4 , -1 )
55 CONTINUE
DO 56 1=50,NLAST,50 
CALL PSET(IZ(I) , IX(I) ,7 )
56 CONTINUE 
C
CALL COLOR(7 ,-1 )
WRITE(*,58) NLAST
58 FORMAT( ' TOTAL # OF DATA POINTS ARE = >  ',1 5 )
WRITE(*,59)
59 FORMAT( ' DOTS ARE LOCATED AT EVERY 50TH POINT ')
WRITE(*,60)
60 FORMAT ( ' ENTER NUMBER OF RUNNING MEAN FACTOR CHANGES —> ' , \ )  
READ(*,65) NL
65 FORMAT(15)
IF(NL.EQ.O) STOP 
WRITE(*,67)
67 FORMAT( ' ENTER RMF AND CORRESPONDING DATA POINT (215) ')
1=0
68 1= 1+1
WRITE(*,71) I
READ(*,69) ISM(I),NDUM(I)
IF(I.EQ.NL) GO TO 72 
GO TO 68
71 FORMAT(I2 ,\ )
69 FORMAT(215)
72 CONTINUE 
WRITE(*,35)
C
C SMOOTH DATA USING ISM(I) POINT RUNNING MEAN
C
K=0
70 K=K+1 
IF(K .EQ .l) THEN
EB=1
ELSE
NB^ JDUM (K -l) +1 
ENDIF
DO 80 I=NB,tDUM(K)
XTEMP=0.0
j=o
75 XTEMP=XTEMP+X (I+ J)
J=J+1
IF ( (I+J) .GT.NLAST) ISM(K)=J 
I F (J . LT.ISM(K)) GO TO 75 
XS (I)=XTEMP/ISM(K)
80 CONTINUE
IF(K.EQ.NL) THEN 
GO TO 85 
ELSE 
GO TO 70
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ENDIF 
85 CONTINUE
NDPl=NDUM(NL)+1 
IF(NDP1.EQ.NLAST) THEN 
XS (NLAST)=X(I)
GO TO 100 
ENDIF
IF(NDP1.GT.NLAST) GO TO 100 
DO 90 I=NDP1,NLAST 
90 XS(I)=X(I)
100 CONTINUE 
C
C DRAW SMOOTH CURVE OVER THE ORIGINAL
C
DO 95 1=1, HAST
IXS ( I )=220-NINT (220* (XS ( I ) -XNM) /XDIF)
95 CONTINUE
DO 96 1=2,NLAST
CALL LINE (IZ (1 -1 ) ,IXS (1 -1 ) , IZ ( I ) ,I X S ( I ) ,1 ,-1 )
96 CONTINUE 
WRITE(*,110)
110 FORMAT( ' ENTER "Y" TO RETRY ==> ' , \ )
READ(*,' (Al) ' )  CK 
IF(CK.EQ.,Y ') GO TO 50
300 CONTINUE
OPEN(8,FILE=DATINf STATUS=1 OLD' ,FORM='BINARY')
WRITE(8) RFAC,NLAST
WRITE (8) A,B
WRITE(8) ZBEG,XMAX,X1
WRITE(8) ( I , X S ( I ) , Z ( I ) ,1=1 ,NLAST)
CLOSE(8,STATUS=' KEEP')
IF(IFLAG.EQ.l) THEN 
CALL CLS 
WRITE(*,111)
111 FORMAT( ' DO YOU WISH TO PROCESS ANOTHER FILE ? (Y/N) ==> ' ,
READ(*,' (A1)' ) CK
IF(CK.EQ.'Y ') THEN 
WRITE(*,120)
120 FORMAT ( ' ENTER NEW FILE NAME = >  ' , \ )
READ( * , ' (A10)' )  DATIN
OPEN(8,FILE=DATIN,STATUS='OLD' ,FORM='BINARY1)
IFLAG=2 
GO TO 500 
ENDIF 
ENDIF 
STOP 
END
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c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
C *
C 0PAUX2.F0R *
C *
C THIS IS AN INTERACTIVE GRAPHICS PROGRAM TO *
C RELOCATE AND ADJUST DAT AND CAL CURVES *
C *
C By SIBEL PAMUKCU *
C *
C L a te s t  r e v is io n  : F ebruary  1986 *
C *
C STEP NO 2 ******************** *
C *
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
C
OOMMON/POSA (3500) ,Y(3500)
C(*MON/CAL/XCAL(3500),YCAL(3500)
COMMON/PLOTl/JX(3500),JY (3500)
C0t*10N/PLOT2/IXC(3500),IYC(3500)
INTEGER*2 I,J,JX,JY,NUM,NX,NY,IXC,IYC,IIX,IIY 
INTEGER*2 MT1,M,NL3,NT2,RFAC1,RFAC2,JIX,JIY,NXDIF,NYDIF 
CHARACTER*10 DATIN,DATCAL,DATOUT 
CHARACTER*1 CK
C
CALL CLS 
WRITE(*,10)
10 FORMAT( ' ENTER INPUT FILE NAME ==> ' , \ )
READ(*,20) DATIN 
20 FORMAT(A10)
WRITE (*,30)
30 FORMAT( ' ENTER CAL FILE NAME ==> ' , \ )
READ(*,20) DATCAL 
WRITE(*,40)
40 FORMAT( ' ENTER OUTPUT FILE NAME ==> ' , \ )
READ(*,20) DATOUT
C
OPEN (8,FILE=DATIN,STATUS*' OLD1,FORM='BINARY1)
WRITE(*,45) DATIN 
45 FORMAT( ' READING ' ,A 10 ,'F IL E .. .  PLEASE WAIT ')
READ (8) RFACl,NTl
READ(8) A1,B1
READ(8) ZBEG,X1,X2
READ(8) ( I ,X ( I )  ,Y(I) ,I= l,N T l)
CLOSE(8 ,STATUS*'KEEP')
OPEN (8,FILE=DATCAL,STATUS*'OLD' ,FORM='BINARY')
WRITE(*,45) DATCAL
READ(8) RFAC2,NT2
READ (8) A2,B2
READ(8) ZBEG,X1,X2
READ(8) (I,XCAL(I),YCAL(I),I=1,MT2)
CLOSE(8 ,STATUS*'KEEP')
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CALL COLOR (2 ,-1 )
WRITE(*,48)
48 FORMAT( ' PROCESSING . . .  WAIT ')
CALL COLOR(7 ,-1 )
C
C
DO 200 1=2,OT1 
Y ( I ) = Y ( I ) - ( ( X ( I ) - X ( l ) ) / 6 l )
IF(Y(I)  .L T .Y (I- l))  Y(I)=Y (I—1)
200 c o n tin u e
DO 210 I  = 2 ,NT2
YCAL(I)=YCAL(I)- ( (XCAL (I)-XCAL(1)) /B2)
IF(YCAL (I) .LT.YCAL (I—1)) YCAL(I)=YCAL(I-1)
210 CONTINUE 
Y1=Y(1)
YC1=YCAL(1)
DO 300 1=1,MTl 
Y(I)=Y(I)-Yl 
300 CONTINUE
DO 310 1=1,NT2 
YCAL ( I ) =YCAL ( I ) -YC1 
310 CONTINUE 
C 
C
XMIN=X(1)
YMIN=Y(1)
XMAX=X(1)
YMAX=Y(1)
DO 50 1=1, MTl
IF(Y(I).LT.YMIN) YMIN=Y(I)
IF(X (I).LT.XMIN) XMIN=X(I)
IF(Y(I).GT. YMAX) YMAX=Y(I)
IF(X(I)  .GT.XMAX) XMAX=X (I)
50 CONTINUE
D0f 60 1=1, NT2
IF (YCAL ( I ) .  LT.YMIN) YMIN=YCAL ( I )
IF  (XCAL ( I ) . LT. XMIN) XMIN=XCAL ( I )
IF(YCAL(I).GT. YMAX) YMAX=YCAL(I)
XG=XMAX-XMIN 
YG=YMAX-YMIN 
CALL CLS
C
C PLOTTING HERE
C
CALL DRAW(Y,X,1,NT1,6,YG,XG,YMIN,XMIN,JX,JY)
CALL DRAW (YCAL,XCAL, 1,NT2,7,YG,XG, YMIN,XMIN,IXC, IYC) 
IIX=IXC(1)
IIY=IYC(1)
JIX=OX(l)
JIY=JY (1)
C
90 CALL ZLOCOO(NX,NY, NUM)
IF(NUM.EQ.69) GO TO 100
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IF (NUM. EQ. 8 5. OR. NUM. EQ. 68) THEN 
CALL VSHIFT (NY,NUM,NTl,NT2)
CALL CLS 
DO 70 I =2, NT 2
70 CALL LINE(IXC(1 -1 ) ,IY C (I-1 ) ,IX C (I) ,IY C (I) ,7 ,-1 )
DO 75 1=2,NTl
CALL LINE (JX (I—1) ,JY (I-1 ) ,JX(I)  ,JY(I)  ,4 ,-1 )
75 CONTINUE
ENDIF
IF(NUM.EQ.76.0R.NUM.EQ.82) THEN 
GALL HSHIFT (NX, NUMr NTl, NT2)
CALL CLS 
DO 80 1=2, NT2
80 CALL LIN E(IX C(I- l ) , IY C(I-1) ,IX C(I) ,IY C(I ) , 7 , -1 )
DO 85 1=2,NTl
CALL LINE(JX(1 -1 ) ,J Y ( I -1 ) ,J X ( I ) ,J Y ( I ) ,4 ,-1 )
85 CONTINUE
ENDIF 
GO TO 90 
100 CONTINUE
WRITE(*,48)
NXDIF= JX (1)-JIX  
NYDIF= JY (1)-JIY  
YDIF=NXDIF*YG/400.
XDIF=NYDIF*XG/150.
DO 110 1=1,NTl 
X ( I ) =X ( I ) -XDIF 
Y(I)=Y(I)+YDIF
110 CONTINUE 
NXDIF=IXC(1)-IIX 
NYDIF=IYC(1)-IIY  
YDIF=NXDIF*YG/400.
XDIF=NYDIF*XG/150.
DO 111 1=1, NT2
XCAL(I)=XCAL(I) -XDIF 
YCAL ( I ) =YCAL ( I )+YDIF
111 CONTINUE 
C
C
OPEN(8,FILE=DATOUT, STATUS*' NEW1,PORM='BINARY')
WRITE(8) RFAC1,RFAC2,NT1,NT2
WRITE(8) A1,B1,A2,B2
WRITE(8) ( I , X ( I ) , Y ( I ) ,1=1,MTl)
WRITE(8) (I,XCAL(I), YCAL(I),I=1,NT2)
CLOSE(8 ,STATUS*' KEEP1)
STOP
END
C
C
c
SUBROUTINE DRAW(XX,YY,M3,NE,ICOL,XSL,YSL,XM,YM,JX,JY) 
DIMENSION XX(1 ) ,YY(1 ) ,JX (1 ) ,JY (1)
INTEGER*2 I,tB ,N E,ICO L,JX ,JY ,tBPl
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NBP1=NB+1
JX (NB) =75+NINT (400* (XX (NB) -XM) ASL) 
JY(NB)=200-NIMT(150*(YY(NB)-YM)ASL)
DO 100 I=NBPl,NE
JX (I)=75+NINT (400* (XX (I)-XM) ASL)
JY (1) =200-NINT (150* (YY (1) -YM) ASL)
CALL LINE (JX (1-1) ,  JY (1-1) ,JX ( I ) ,  JY ( I ) , ICOLf- l )  
100 CONTINUE 
RETURN 
END
C
SUBROUTINE VSHIFT (NY,NUM,NT1,NT2) 
COMION/PLOTl/JX (3500), JY (3500)
OOMMON/PLOT2/IXC(3500),IYC(3500)
INTEGER*2 NUM, NY, NDUM,MX,MY, I ,  NDIF, NTl, NT2 
INTEGER*2 JX,JY,IXC,IYC
C
CALL ZLOCOO (MX,MY,M)UM)
NDIF=IABS(NY-MY)
IF(NUM.EQ.85) NDIF=-NDIF 
IF(NDUM.EQ.67) GO TO 150 
DO 100 1=1,NTl 
JY ( I )=JY (I) +NDIF 
100 CONTINUE 
GO TO 300 
150 CONTINUE
DO 200 1=1,NT2 
IYC(I)=IYC(I)+NDIF 
200 CONTINUE 
300 CONTINUE 
RETURN 
END
C
SUBROUTINE HSHIFT(NX,NUM, NTl,NT2) 
CO^ON/PLOTl/JX (3500), JY (3500)
C0MMCN/PL0T2/IXC (3 5 0 0 ),IYC(3500)
INTEGER*2 NUM,NX,NDUM,MX,MY,I,NDIF,MPl,NT2 
INTEGER*2 JX,JY,IXC,IYC
C
CALL ZLOCOO (MX,MY, MXJM)
NDIF=IABS(NX-MX)
IF  (NUM. EQ. 76) NDIF—NDIF 
IF(NDUM.EQ.67) GO TO 150 
DO 100 1=1,NTl 
JX ( I ) =JX ( I ) +NDIF 
100 CONTINUE 
GO TO 300 
150 CONTINUE
DO 200 1=1, NT2 
IXC(I)=IXC(I)+NDIF 
200 CONTINUE 
300 CONTINUE 
RETURN
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Q i* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C *
C 0PAUX3.F0R *
C *
C THIS IS AN INTERACTIVE GRAPHPICS PROGRAM TO *
C ANALYZE ANGULAR ROTATION DATA AND FIND FINAL
C STRESS-STRAIN CURVE
C
C By SIBEL PAMUKCU
C
C L a te s t  r e v is io n  : February 1986
C
C STEP NO 3 ******************
C
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c 
c
CQMMON/POS/X (3500) ,Z(3500)
COMMON/CAL/XCAL (1500) ,ZCAL(1500)
OOMMON/NEWANEW (3000) ,ZNEW(3000)
COfWON/GRAPH/IX(3500)r IZ (3500)
C0MMCN/AUX1/ANG(2 0 ),TOR(2 0 ),INFN(200),NP(3f 10) 
COM-10N/AUX2/KK(1200),NN(1200)
INTEGERS IX,IZ,KK,I,J,K,L,EL,N,ICR>INS,NL,NLP,NF 
INTEGER*2 Mtt,Mr2,NL33,INFN,NDIV,NX,NY,IASC,NTEMP 
INTEGER*2 N l, N2, N3,N4f N5,NS, IP11, IP12 , 1 9 2 1 , IP22 
INTEGER*2 NDUM, NDl,ND2, NC2,NW, NFIN,NN,LC,NSET,NP 
INTBGER*2 RFAC1, RFAC2fNT21, NUM,NAR,NAC,IMIN,NCI 
INTEGER*2 NXDIF,NZDIF,JIZ,JIX,Nll,NFLAG,NPl,NP2,NP3 
CHARACTER*10 DATIN,DATOUT,DATSP 
CHARACTER*1 CK
DATA P I , SHEAR/3.141592654,96.163/
C
C
C READ IN USER SUPPLIED DATA
C
C
CALL CLS 
WRITE(* ,5)
5 FORMAT ( ' ENTER INPUT DATA FILE NAME —> ' , \ )
READ( * , ' (A10)' )  DATIN 
WRITE(*,10)
10 FORMAT( ' ENTER OUTPUT DATA FILE NAME ==> 1 , \ )
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READ( * , ' (AlO)' )  DATOUT 
WRITE(*,20)
20 FORMAT ( ' ENTER SPRING CAL FILE NAME —> 1, \ )
READ( * , ' (A10)' )  DATSP
OPEN(8,FILE=DATIN,STATUS='0LD' ,FORM='BINARY')
C
C READ IN FILTERED DATA AND CALIBRATION
C
WRITE(*,30) DATIN 
30 FORMAT( ' READING ' ,A10,'FILE . . .  PLEASE WAIT ')
READ (8) RFAC1,RFAC2,NT1,NT2
READ (8) A1,B1,A2,B2
READ(8) (I ,X ( I ) , Z ( I ) ,1=1 ,MTl)
READ(8) (I,XCAL(I),ZCAL(I),I=1,NT2)
CLOSE(8 ,STATUS='KEEP')
OPEN(9,FILE=OATSP,STATUS='OLD')
READ(9,40) DATSP,INS
READ(9,50) (ANG(I),TOR(I),1 = 1 ,INS)
40 FORMAT (A10,15)
50 FORMAT (2F10.4)
CLOSE(9 ,STATUS=' KEEP')
CALL COLOR(2 ,-1 )
WRITE(*,55)
55 FORMAT( ' PROCESSING... WAIT... ’ )
C
C
C USING VANE ROTATION SPEED DATA,AND DATA COLLECTION SPEED
C DATA CALCULATE UNPROCESSED STRESS-STRAIN CURVES FOR THE SAMPLE
C AND FOR THE SEALS
C
X1=X(1)
XC1=XCAL(1)
Zl=Z(l)
ZC1=ZCAL(1)
E£AL1=(RFAC1*1.009997-7.629231)*0.001 
BCAL2=(RFAC2*1.009997-7.629231)*0.001 
RAD1= (BCAL1*PI) /  (Bl*180. )
RAD2=(BCAL2*PI) / (B2 *180.)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
n
n
n
o
o
n
o
n
o
171
RAD IS RADIANS OF ROTATION PER UNIT DATA
DRAW CALIBRATION CURVE AND SAMPLE CURVE AND DETERMINE
CUT-OFF POINTS FOR FRICTION ELIMINATION FROM THE SAMPLE DATA
XCM=O.0
MM=0.0
ZZ=ZC1
XX=XC1
0NERAD=180./PI 
IF(Zl.LT.ZCl) ZZ=Z1 
IF(Xl.LT.XCl) XX=X1 
X (1 )= (X(l)-XX)*RADl 
Z(l)=BCALl*(Z(l)-ZZ)-(X(l)*ONERAD)
DO 60 1=2,NTl
X(I)= (X (I)-XX) *RAD1
Z ( I ) =BCAL1* (Z ( I ) -ZZ)- (X ( I ) *ONERAD)
IF (Z ( I ) .L T .Z ( I - l ) )  Z(I)=Z(I-1)
IF(X(I) .LT.XNM) XIW=X(i)
60 CONTINUE
XCAL(1 )= (XCAL (1)-XX)*RAD2
ZCAL(1)=BCAL2*(ZCAL(1)-ZZ)-(XCAL(1)*ONERAD)
DO 70 I  = 2 ,NT2
XCAL ( I ) = (XCAL ( I ) -XX) *RAD2
ZCAL(I) =BCAL2*(ZCAL(I) -ZZ)- (XCAL(I) *ONERAD)
IF(ZCAL(I).LT.ZCAL(I-l)) ZCAL(I)=ZCAL(1-1)
IF  (XCAL (I) .LT.XCM) XCM=XCAL(I)
70 CONTINUE 
ZM1=Z(1)
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IF (ZCAL (1) .LT.ZNM) ZN4=ZCAL(I)
DO 72 1=1,OT1 
Z ( I ) =Z ( I ) -ZNM
72 CONTINUE
DO 73 1=1,NT2 
ZCAL(I)=ZCAL(I)-ZfW
73 CONTINUE 
XMIN=XNM
IF(XCM.LT.XNM) XMIN=XCM 
XMAX=X (NTl)
IF(XCAL(NT2).GT.X(NTl)) XMAX=XCAL(NT2)
XG=XMAX-XMIN
ZG=Z(NTl)-ZtM
C
C READJUST EITHER CURVE FOR COINCIDENCE
C
90 CALL CLS
CALL DRAW(XCAL,ZCAL,1,MT2,7,XG,ZG)
CALL DRAW(X,Z,lrNTl,6,XG,ZG)
C
Q ■ ***************************************
c
91 NFLAGO
CALL COLOR(7 ,-1 )
WRITE(*,92)
92 FORMAT( ' DO YOU WISH TO READJUST ? (Y/N) ==> ' , \ )
READ(*,' (A l) ')  CK
IF(CK.EQ.' Y')  THEN 
NFLAG=1 
JIX=IX(1)
JIZ=IZ(1)
94 CALL ZLOCOO(NX,NY,IASC)
IF(IASC.EQ.69) GO TO 99 
IF(IASC.EQ.85.0R.IASC.EQ.68) THEN 
/  DO 95 1=1,NTl
CAU, PRESET(IX(I) , IZ ( I )  ,-1 )
95 CONTINUE
CALL VSHIFT (NY,IASC,NTl)
DO 96 1=2,MTl
CALL L IN E ( IX ( I - l ) ,IZ ( I -1 ) , IX ( I ) , IZ ( I ) ,4 ,-1 )
96 CONTINUE 
ENDIF
IF(IASC.EQ.76.0R.IASC.EQ. 82) THEN 
DO 97 1=1,MTl
CALL PR E SE T (IX (I),IZ (I),-1 )
97 CONTINUE
CALL HSHIFT(NX,IASC,MTl)
DO 98 1=2, NTl
CAU, LINE(IX(I-1) ,IZ ( I -1 )  ,IX (I)  ,IZ ( I )  ,4 ,-1 )
98 CONTINUE 
ENDIF
GO TO 94
99 CWTINUE
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WRITE(*,55)
NXDIF=IX(l)-JIX 
NZDIF=IZ(l)-JIZ 
ZDIF=NZDIF* ZG/180. 
XDIF=NXDIF*XG/520.
ZM=0.0
XM=0.0
DO 102 1=1, NTl 
X (I)=X(I)+XDIF 
Z (I)-Z (I)-Z D IF  
IF(X (I) .LT.XM) XM=X (I)
IF(Z(I).LT.ZM ) ZM=Z(I)
102 CONTINUE
IF(ZM.LT.O.O) THEN 
DO 105 1=1, MTl 
Z(I)=Z(I)-ZM
105 CONTINUE
DO 106 1=1, NT 2 
ZCAL(I) =ZCAL ( I ) -ZM
106 CONTINUE 
ENDIF
IF(XM.LT.O.O) THEN 
DO 107 1=1,NTl 
X(I)=X (I)-XM
107 CONTINUE
DO 108 1=1, NT 2 
XCAL(I)=XCAL(I) -XM
108 CONTINUE 
ENDIF 
CALL CLS
CALL ADJUST(NT1,NT2)
CALL DRAW(XCAL,ZCAL,1,NT2,7,XG,ZG) 
CALL DRAW(X,Z,1,NT1,6,XG,ZG)
GO TO 91 
ENDIF
IF(NFLAG.EQ.O) THEN 
CALL ADJUST (NTl,MT2)
ENDIF
WRITE (*,100)
100 FORMAT( ' ENTER LOWER AND UPPER CUT-OFF POINTS') 
CALL ZLOCV(NF)
M)1=NF
CALL ZLOCV(NF)
ND2=NF 
WRITE (*,80)
80 FORMAT( ' MORE PROCESSING.. .  PLEASE WAIT.. .* )  
ZDIR=Z(NDl)
CALL FINDER (ZCAL,ZDIR,EDI, 1,NT2, NCI)
ZDIR=Z(ND2)
CALL FINDER(ZCAL,ZDIR,ED2,1,EW2,NC2)
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c
C CALCULATE CALIBRATION CURVE ADJUSTMENT NUMBER OF POINTS
C CALCULATE THE ACTUAL STRESS-STRAIN CURVEOF THE SAMPLE
C BY ELIMINATING FRICTION EFFECTS
C
I=NDl-l 
J=NC1-1 
K=0 
130 1=1+1
j< r+ i
XNEW(K)=X(I)
IF(I.EQ.ND2) GO TO 140 
GO TO 130 
140 CONTINUE
NW=K
C
I=ND2+1
J=NC2
L=1
EC=1
KK(L)=NW 
MI (EC) =NC2 
ICR=ND1-1 
150 J=J+1
IF(J.GT.NT2) GO TO 160
CALL SUB(If J,L,LC,KK,NN,ICR,Mrl,ND2,MT2)
GO TO 150 
160 CONTINUE
NAR=L 
NAC=EC 
NFIN=KK (NAR)
CALL CLS 
WRITE(*,55)
CALL CONNECT (KK,MI,NC2,NT2fM>2,NW)
DO 165 I=1,NFIN 
ZDUM=ZNEW(I)
CALL TORQ(ZDUM,TFAC)
ZNEW(I)=SHEAR*TFAC/PI 
165 CONTINUE 
C
C ISOLATE THE STRESS-STRAIN DIAGRAM 
C
ZMIN=ZNEW(1)
DO 190 I = l fNFIN 
IF(ZNEW(I).LE.ZMIN) THEN 
aiIN=ZNEW(I)
XMIN=XNEW(I )
IMIN=I 
ENDIF 
190 CONTINUE
XMIN=ABS (XMIN)
1=0
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DO 200 J=IMIN,NFIN 
1= 1+1
ZNEW(I)=ZNEW(J)-ZMIN 
XNEW ( I ) =XNEW(J) -XMIN 
200 CONTINUE 
NFIN=I 
210 CONTINUE
XG=XNEW(NFIN)-XNEW(1)
ZG=ZNEW(NFIN) -ZNEW(l)
CALL CLS
CALL DRAW(XNEW,ZNEW,1,NFIN,6,XG,ZG)
NL33=0
NLP=0
WRITE (*,220)
220 FORMAT( ' BEGINING ADJUSTMENT ? (Y/N) ==> • , \ )  
READ (* , ’ (Al) *) CK 
IF(CK.EQ.'Y ') NL33=1 
WRITE(*,222)
222 FORMAT ( ' INTERMEDIATE ADJUSTMENT ? (Y/N) ==> ' , \ )  
READ(*,'(A1)' )  CK 
IF(CK.EQ., Y ') NLP=1
C
C BEGINNING ADJUSTMENT 
C
IF(NL33.EQ.l) THEN 
WRITE(*,230)
230 FORMAT( ' ENTER BEGINING ADJ. LIMIT ')
CALL ZLOCHV(NF)
NL33=NF
NDIV=NL33/20
CALL SLOP (XNEW, ZNEW, NL33 , INFN, EDIV,0 .0001, NL33) 
XGT=XNEW (NL33) -XNEW(l)
ZGT=ZNEW (NL33)-ZNEW(1)
CALL CLS
yCALL DRAW(XNEW,ZNEW,1,NL33,3,XGT,ZGT)
CALL RENK(NL33,INFN,N3)
WRITE (*,55)
XMIN=ABS(XNEW(N3))
ZMIN=ZNEW(N3)
1=0
DO 250 J=N3,NFIN 
1= 1+1
ZNEW(I )=ZNEW(J)-ZMIN 
XNEW ( I ) =XNEW(J) -XMIN 
250 CONTINUE 
NFIN=I
XG=XNEW(NFIN)-XNEW(1)
ZG=ZNEW(NFIN) -ZNEW(l)
ENDIF
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c
c
c
251
252
254
257
253
255
256
INTERMEDIATE ADJUSTMENT
IF(NL33.NE.O) THEN 
CALL CLS
CALL DRAW(XNEW,ZNEW,1,NFIN,6,XG,ZG)
ENDIF
IF(NLP.EQ.l) THEN 
WRITE(*,252)
FORMAT ( ' ENTER NO OF PAIRS OF ADJ. LIMITS = >  ' , \ )
READ(*,'(1 2 ) ')  NLP
K=0
K=K+1
CALL ZLOCHV(NF)
NP(1,K)=NF 
CALL ZLOCHV(NF)
NP(2,K)=NF 
NPl=NP(l,K)-10 
NP2=NP(2,K)+10 
NP3=NP(1,K)+1 
IF(N Pl.LT.2) NP1=2 
IF(NP2.GT.NFIN) NP2=NFIN 
DO 257 I=NPl,NP2
CALL LINE(IX(I—1 ) , I Z ( I - 1 ) , I X ( I ) , I Z ( I ) ,6 ,-1 )  
CONTINUE
DO 253 I=NP3,NP(2,K)
CALL LINE(IX(1 -1 ) , I Z ( I - 1 ) , I X ( I ) , I Z ( I ) ,4 ,-1 )  
CONTINUE
IF(K.LT.NLP) GO TO 254 
WRITE (*,255).
FORMAT( ' RETRY ? (Y/N) ==> ' , \ )
READ(*,' (A l) ' )  CK 
IF(CK.EQ.'Y ') GO TO 251 
WRITE(*,55)
/K=0
NTEMP=0
K=K+1
IF(K.GT.NLP) GO TO 262 
NP (1,K) =NP (1,K) -NTEMP 
NP (2 ,  K) =NP (2 , K) -NTEMP 
NTEMP=NP(2,K)-NP(1,K)
NFIN=NFIN-NTEMP
XTEMP=XNEW (NP (2 ,  K)) -XNEW (NP (1, K))
ZTEMP=ZNEW(NP (2 ,K )) -ZNEW(NP (1,K ))
DO 258 I s l,NFIN 
IF(I.L T .N P(1,K )) THEN 
TEMEXO.O 
TEMPZ=0.0 
J=I 
ELSE
TEMFX=XTEMP
TEMPZ=ZTEMP
J=WEMP+I
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END IF
XNEW (I ) =XNEW (J ) -TEMEX 
ZNEW(I) =ZNEW(J) -TEMPZ
258 CONTINUE 
GO TO 256
262 CALL CLS
XG=XNEW(NFIN)-XNEW(1)
ZG=ZNEW(NFIN) -ZNEW(l)
CALL DRAW(XNEW,ZNEW,1,NFIN,6,XG,ZG)
END IF
C
C END ADJUSTMENT 
C
WRITE(*,259)
259 FORMAT ( ' END ADJUSTMENT ? (Y/N) ==> ' , \ )
READ( * , ' (A l) ' )  CK
IF(CK.EQ.'Y ') THEN 
WRITE(*,260)
260 FORMAT( ' ENTER END ADJUSTMENT LIMIT ' , \ )
CALL ZLOCHV(NF)
NFIN=NF
XG=XNEW (NFIN)-XNEW(1)
ZG=ZNEW (NFIN) -ZNEW (1) '
CALL CLS
CALL DRAW(XNEW,ZNEW, 1 ,NFIN,6 ,XG,ZG)
END IF
C
C DRAW CARTESIAN COORDINATES
C
IX (1)=75 
IZ(1)=200
IX (NFIN)=75+NINT (520*XNEW(NFIN) A G)
IZ (NFIN) =200-NIOT (180*ZNEW(NFIN)/ZG)
CALL LINE(IX(1 ) ,IZ (N F IN ),IX (1 ),IZ (1 ),3 ,-1 )
CALL LINE(IX(1 ) ,IZ (1 ) , IX (N FIN ),IZ(1),3 ,-1 )
C
C FIND STRAIGHT LINE CONSTANTS BY LEAST SQUARES METHOD
C
WRITE(*,280)
280 FORMAT ( ' 1 . LOCATE UPPER LIMIT FOR ENLARGEMENT ')  
WRITE(*,332)
332 FORMAT ( ' 2 . LOCATE LOWER LIMIT FOR G2 ')
CALL ZLOCV(NF)
NL=NF
CALL ZDOCV(NF)
N2=NF
291 CALL CLS
XG=XNEW(NL)-XNEW(1)
ZG=ZNEW(NL)-ZNEW(l)
CALL DRAW (XNEW,ZNEW,1,NL,4,XG,ZG)
WRITE(*,292)
292 FORMAT( ' ENTER LIMITS FOR REGRESSION ANALYSIS ')
CALL ZLOCHV(NF)
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N11=NF
CALL ZLOCHV(NF)
Nl=NF
WRITE (* r 55)
N l=N l-N ll+l
N2=N2-Nll+1
NL=NL-Nll+1
NS=Nl
EPS =0.00001 
1=0
XMIN=XNEW (N il)
3iIN=ZNEW(Nll)
DO 302 J=Nll,NFIN 
1= 1+1
XNEW (I ) =XNEW (J ) -XMIN 
ZNEW ( I ) =ZNEW (J ) -ZMIN 
302 CONTINUE 
NFIN=I 
1=0 
310 1=1+1
IF(XNEW(I).LE.EPS) GO TO 310 
I F ( ( I —1 ) .LT.Nl) THEN 
Nl=Nl-Nl/3 
IF (N l.L E .50) THEN 
Nl=NS
EPS =0.00001+EPS 
IF(EPS.GT.0.0001) THEN 
CALL CLS
CALL DRAW(XNEW,ZNEW,1,NL,4,XG,ZG)
DO 312 I=10,N L,10 
CALL P S E T (IX (I),IZ (I) ,2 )
312 CONTINUE
WRITE (*,320)
320 FORMAT( ' EXCEEDED 10-2 % STRAIN, '
&VENTER NEW LOWER LIMIT (DOTS ARE AT EVERY 10TH POINT) ==> 
READ(*,' (1 5 ) ')  Nl 
WRITE(*,55)
GO TO 330 
ENDIF 
END IF 
1=0
GO TO 310 
ENDIF 
330 CONTINUE
EPS=XNEW(Nl)
CALL FIT (XNEW, ZNEW, 1,N1,A1,B1,RS1,SIG1)
CALL FIT (XNEW,ZNEW,N2,NFIN,A2,B2,RS2,SIG2)
XG=XNEW(NFIN)-XNEW(1)
ZG=ZNEW (NFIN) -ZNEW (1)
C
C PREPARE FOR PLOTTING 
C
NSET=NFIN-Nl
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340 NSET=NSET-1 
N4=Nl+NSET 
P12=A1+B1*XNEW(N4)
IP12=200-NINT (180*P12/ZG)
IF(IP12.LE.O) GO TO 340 
N5=N4/5
P11=A1+B1*XNEW(1)
IPll=200-NINT(180*P11/ZG)
P21=A2+B2*XNEW(N5)
IP21=200-NINT(180*P21/ZG)
P22=A2+B2*XNEW(NFIN)
IP22=200-NINT(180*P22/ZG)
C
CALL CLS
CALL DRAW(XNEW, ZNEW, 1 , NFIN, 1,XG,ZG)
CALL LINE (IX (1) ,  IZ(N FIN),IX( 1 ) , IZ (1 ) ,3 ,-1 )
CALL LINE(IX (1 ) , IZ ( 1 ) , IX (N FIN ),IZ(1),3 ,-1 )
CALL LINE(IX(1 ),IP 1 1 ,IX (N 4 ),IP 1 2 ,2 ,-1 )
CALL LIN E(IX (N 5),IP21,IX (N FIN ),IP22,2,-1)
C
WRITE(*,350) B1,RS1,100*SIG1 
350 FORMAT( ' G1 ==> ' , F 9 . 3 , / , '  RSl ==> ' ,F 6 .4 , '  SIG1 == > ', 
& F6.3,' %')
WRITE(*,360) B2,RS2,100*SIG2 
360 FORMAT( ' G2 ==> ' , F 9 . 3 , / , '  RS2 ==> ' , F 6 . 4 , '  SIG2 == > ', 
& F6.3,' %')
WRITE(*,370) EPS*100 
370 FORMAT( '  EPS ==> ',G 1 5 .8 , ' %')
WRITE(*,380)
380 FORMAT( ' RETRY ? (Y/N) ==> ' , \ )
READ( * , ' (A l) ' )  CK 
IF(CK.EQ .'Y ') THEN 
CALL CLS 
WRITE (*,272)
272 /  FORMAT( ' FURTHER ADJUSTMENT (Y/N) —> ' , \ )
READ(*,'(A1)') CK 
IF(CK.EQ.' Y')  GO TO 210 
IF(CK.NE.'Y ') GO TO 291 
ENDIF
C
C FIGURE THE INTERSECTION POINT AND INITIAL STRAIN RESOLUTION 
C
XINT=(A1-A2)/(B2-B1)
ZINT=A1+B1*XINT
ET0T=0.0
DO 410 1=1,10
EDIF=ABS(XNEW(I+1)-XNEW(I))
ET0T=ET0T+EDIF 
410 CONTINUE
XEMIN=ET0T/10
WRITE(*,400) XINT*100,ZINT,XNMIN*100 
400 FORMAT( ' XIMT = = > ',G 1 5 .8 ,' % ', ' ZINT = = > ',F 8 .4 ,/ ,
&' XMIN = > ' ,G 1 5 .8 ,' %')
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WRITE(*,420) XNEW(NFIN) *100,ZNEW(NFIN)
420 FORMAT ( ' STR RANGE = > ' ,  G l S . S , ^ ' , / ,
&' STS RANGE = = > 'fF 8 .4 f ' KPA')
C
OPEN (9fFILE=DAT0UT,STATUS=,NEW' ,FORM='BINARY')
WRITE(9) NFIN f A1 ,B l,  A2,B2
WRITE(9) EPS,XINT,ZINT
WRITE(9) RS1,SIG1,RS2,SIG2
WRITE (9) (K,XNEW(K) ,ZNEW(K) ,K=1, WIN)
CLOSE (9, STATUS*91 KEEP')
STOP
END
C
c  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c
C CALCULATE SLOPE CHANGES ON SAMPLE DATA
C
SUBROUTINE SLOP(XX,ZZ,OT,INF,M,EPS,NL3) 
DIMENSION XX(1 )fZZ(l)
INTEGER*2 M,INF, I,K>L,MT,NL3 
DIMENSION SLOPE( 3 ) , INF(50)
K=0
1=1
SLOPE (1)= (XX (M) -XX (1) )/(Z Z  (M) -ZZ (1))
300 1=1+1
L=M*I
IF(L.GE.(NT-M)) GO TO 310 
IF(L.GT.NL3) EPS=10*EPS 
SLOPE (2)= (XX (L)-XX(L-M) )/(ZZ(L)-ZZ(L-W )) 
SSD=ABS(SLOPE(2)-SLOPE(1))
IF (SSD.GT.EPS) THEN
K=K+1
INF(K)=L-M
ENDIF
SLOPE(1)=SL0PE(2)
GO TO 300 
310 CONTINUE
SLOPE (2)= (XX (L)-XX (L-M) )/(ZZ(L)-ZZ(L-M)) 
SSD=ABS (SLOPE (2) -SLOPE (1))
IF(SSD.GT.EPS) THEN
K=K+1
INF(K)=L-M
ENDIF
SL0PE(1)=SL0PE(2)
SLOPE (2 )= (XX(NT)-XX (L))/(ZZ(NT)-ZZ(L))
SSD=ABS(SLOPE(2)-SLOPE(1))
IF(SSD.GT.EPS) THEN
K^C+1
INF(K)=L
ENDIF
RETURN
END
C
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SUBROUTINE DRAW(XX,ZZ,NB,NE,ICOL,XG,ZG)
DIMENSION XX(1),ZZ(1)
C0M40N/GRAPH/IX(3500),IZ (3500)
INTEGER*2 NB,NE,ICOL,I,NBPl,IX,IZ 
IX(NB)=75+NINT(520*XX(NB) /XG)
IZ(NB)=200-NINT(180*ZZ(NB)/ZG)
NBP1=NB+1
DO 100 I=NBPl,NE
IX ( I )=75+NINT (520*XX(I) /XG)
IZ(I)=200-NINT(180*ZZ(I)/ZG)
CALL LINE (IX (1-1) ,IZ ( I -1 )  ,IX (I)  ,IZ ( I )  ,IC 0L ,-1)
100 (CONTINUE 
RETURN 
END
C
C DRAW CURVE WITH SLOPE CHANGE AREAS IN DIFFERENT COLOR 
C
SUBROUTINE RENK(NT,INF,N1)
COMWN/GRAPH/IX (3500), IZ (3500)
INTEGER*2 NT,INF(5 0 ),N l,IX ,IZ  
INTEGER*2 I,L,IFLAG,ICOL 
CHARACTER*1 CK 
1=1
IC0L=0 
IFLAG=0 
L=0 
380 L=L+1
IC0L=IC0L+1 
IF(IC0L.GT.7) THEN 
IFLAG=IFLAG+1 
IC0L=L-IFLAG*7 
ENDIF 
390 1=1+1
CALL L IN E(IX (I-l) ,IZ ( I -1 )  ,IX (I)  ,IZ ( I )  ,IC 0L ,-1) 
IF(I.EQ .IN F(L)) THEN 
CALL COLOR(IC0L,-1)
WRITE(*,60) INF(L)
60 FORMAT (15 ,\ )
READ(*,’ (A1)')  CK 
GO TO 380 
ENDIF
IF(I.EQ.NT) GO TO 400 
GO TO 390 
400 CONTINUE
CALL COLOR(IC0L,-1)
WRITE(*,60) NT 
READ(*,'(A1)') CK 
CALL COLOR(7 ,-1 )
WRITE(*,70)
70 FORMAT ( ' ENTER LOWER CUT-OFF POINT = >  ' , \ )
READ(*,40) Nl 
40 FORMAT(15)
DO 45 1=1,L
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IN F(I)=0 
45 CONTINUE
RETURN 
END
C
C FIND TOE BEGINING AND END POINTS FOR INITIAL CORRESPONDENCE
C
SUBROUTINE FINDER(ZZ,ZDIR,NST,NB,NE,NFIN)
DIMENSION ZZ(1)
INTEGER*2 NB,NE,NFIN,I,NST 
I=NST
IF(ZZ(I).GT.ZDIR) GO TO 100 
IF(ZZ(I).LT.ZDIR) GO TO 200 
IF(ZZ(I).EQ.ZDIR) GO TO 500 
100 1= 1-1
IF(I.EQ.NB) GO TO 500 
IF(ZZ(I).GT.ZDIR) GO TO 100 
GO TO 500 
200 1=1+1
IF(I.EQ.NE) GO TO 500 
500 CONTINUE 
NFIN=I 
RETURN 
END
C
C FIGURE OUT THE CORRESPONDING POINTS ON DATA CURVE TO
C SUBTRACT THE CAL CURVE FROM
C
SUBROUTINE SUB(I , J ,L ,  IC , KK,NN,ICR,NT1,ND2,NT2)
COPMON/POSA (3500) ,Z (3500)
COMMON/CALACAL (1500) ,ZCAL (1500)
C0PM0NAEWANEW(3O0O) , ZNEW (3000)
DIMENSION KK (1) ,NN (1)
INTEGER*2 I,J,L,LC,IL,JJ,KK,NN,tM ,NFl,ND2,ICR,NT2 
XE*IN=X ( I ) -XCAL (J)
IF(XFIN.EQ.O.O) GO TO 300 
LL=NINT(XFIN/ABS(XFIN))
IF(LL.LT.O.AND.J.EQ.NT2.AND.I.EQ.NTl) THEN 
ZDIF=Z(MTl) -Z(NT1-1)
XDIF=X(NTl)-X(NT1-1)
ZINC=ZDIF/XDIF
NT1=NT1+1
X(NT1)=XCAL(NT2)
XDIF=X (NTl)-X(NT1-1)
Z(NT1)=Z(NT1-1)+(XDIF*ZINC)
L=L+1 
IC=IC+1 
NN(LC)=NT2 
KK (L) =NTl-ICR 
XNEW (KK (L)) =X (NT1)
ZNEW(KK (L)) =Z (MTl)-ZCAL (MT2)
GO TO 400 
ENDIF
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100 1=1-LL
IF(I.LE.ND2) GO TO 400 
XFY=X(I)-XCAL(J)
IF(XFY.EQ.O.O) THEN 
JJ=0 
ELSE
JJ=NINT(XFY/ABS (XFY))
ENDIF
IF(JJ.EQ .LL) GO TO 100 
IF(JJ.G T.O ) IM=I-1 
IF (JJ.L E .O ) NM=I 
QDIF=XCAL(J) -X (NM)
PDIF=X (NM+1)-XCAL(J)
IF  (PDIF.GT.QDIF) THEN 
IF ( (NM-ICR) .LE.KK(L)) GO TO 400
else
IF(((NM+1)-ICR).LE.KK(L)) GO TO 400 
ENDIF 
L=L+1 
LC=IC+1 
NN (LC)=J
ZDIF=Z (NM+1) -Z (NM)
XDIF=X (NM+1) -X (NM)
ZINC=<3DIF*ZDIF/XDIF 
ZINT=Z(NM)+ZINC 
IF(PDIF.GT.QDIF) THEN 
KK(L)= (NM)-ICR 
XNEW(KK (L) )=X (NM) +QDIF 
X (NM) =X (NM) +QDIF 
Z(NM)=ZINT
FT C F
KK(L)= (NM+1) -ICR 
XNEW(KK (L)) =X (Ml+1) -PDIF 
X (NM+1) =X (NM+1) -PDIF 
Z(IW+1)=ZINT 
ENDIF
300 IF(XFIN.EQ.O.O) THEN
IF((I-IC R ).LE.K K (L)) GO TO 400
L=L+1
LC=LC+1
NN(LC)=J
KK(L)=I-ICR
XNEW(KK(L))=X(I)
ZINT=Z(I)
ENDIF
ZNEW(KK(L))=ZINT-ZCAL(J)
400 CONTINUE 
RETURN 
END
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c
C ADJUST THE LENGTH OF THE CALIBRATION CURVE 
C
SUBROUTINE ADJUST(NTlrNT2)
COHION/POSA (3500) ,Z (3500)
OOMMON/CALACAL (1500) ,ZCAL (1500)
INTEGER*2 I,NN,NT2,OTl 
XDOR=XCAL(NT2)-X(NTl)
IF  (XCOR. EQ. 0 .0 ) GO TO 300 
C0R=ABS(XCOR)
XP=XCAL(OT2)
I=NT2 
100 1=1-1
XTEMP=ABS (XP-XCAL ( I ))
IF(COR.GT.XTEMP) GO TO 100 
XI NC=XTEMP-COR
ZINC= (ZCAL (1+1) -ZCAL (I))/(XCAL (1+1 )-XCAL ( I ))
ZINT=ZINC*XINC 
ZOOR=ZCAL(I)+ZINT 
IF  (XCOR.GT.O.O) THEN 
NT2=1+1
XCAL(NT2)=XCAL ( I )+XINC 
ZCAL(NT2)=ZCAL(I)+ZIMT 
ENDIF
IF(XCOR.LT.0 .0 )  THEN 
MU=HT2-I
ZINC=(ZCAL(NT2)-ZC0R)/NN
xinc=cor/ nn
1=0
200 1= 1+1
IF(I.GT.NN) GO TO 250 
XCAL(NT2+I)=XCAL(MT2)+1*XINC 
ZCAL (NT2+I)=ZCAL(NT2)+I*ZINC 
f p  TO 200 
250 NT2=NT2+NN
ENDIF 
300 CONTINUE 
RETURN 
END
C
C FIGURE OUT TOE POSITION CF REMAINING POINTS ON SAMPLE CURVE
C BY EXTRAPOLATION BETWEEN KK(L) POINTS
C
SUBROUTINE CONNECT (KK,M‘J,NC2,NT2,M)2,NW)
COMMON/POSA (3500), Z (3500)
OOMMCN/CALACAL (1500) , ZCAL (1500)
Ca*iON/NEWANEW (3000) , ZNEW (3000)
INTEGER*2 KK,NC2,NT2, J rKf L,Nf NUM,MD2,NWf IC f MSI 
DIMENSION KK(1 ),NN(1)
L«0
LC=0
J=ND2
K=NW
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500 LC=LC+1
IF(NN(LC).EQ.NT2) GO TO 498 
L=L+1
ZDIF=ZCAL(NN(LC+1)) -ZCAL (NN (LC))
NUM=KK (L+l) -KK (L)
IF(NUM.EQ.l) GO TO 495 
IF  (NUM.LE.O) THEN 
GO TO 500 
ENDIF
ZINC=ZDIF/NUM 
N=1 
490 J=J+1
K=K+1
XNEW(K)=X(J)
ZNEW(K)=Z(J)-(ZCAL(NN(LC))+N*ZINC)
IF(N.EQ.NUM) GO TO 500 
N=N+1 
GO TO 490 
495 CONTINUE 
K=K+1 
JsJ+ 1
XNEW(K)=X(J)
ZNEW(K)=Z(J)-ZCAL(NN(LC+1))
GO TO 500 
498 CONTINUE 
RETURN 
END
C
C LEAST SQUARES FOR LINEAR FIT
C
SUBROUTINE FIT(XX,ZZ,tB,NE,A,B,RS,SIG)
DIMENSION XX (1 ) ,ZZ(1)
INTEGER*2 NB,NE,I,NT
C
C AvIS TOE INTERCEPT, B IS THE SLOPE OF A STRAIGHT LINE FIT
C
XS=0.0
ZS=0.0
XZS=0.0
XXS=0.0
zzs=o.o
MT=NE-N3+1 
DO 100 I=NB,NE 
XS=XS+XX(I)
ZS=ZS+ZZ(I)
XZS=XZS+ (XX ( I )*ZZ ( I ))
XXS=XXS+ (XX(I)*XX(I))
ZZS=ZZS+(ZZ(I)*ZZ(I))
100 CONTINUE
A= ( (XZS*XS)-(ZS*XXS))/( (XS*XS)-(NT*XXS))
B= ( (ZS*XS)- (NT*XZS)) / ( (XS*XS)- (NT*XXS))
SST0=ZZS- (ZS*ZS)/NT 
SSE=0.0
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DO 200 I=NB,NE 
ZHAT=A+B*XX(I)
ZDIF=ZZ(I) -ZHAT 
SSE=SSE+(ZDIF*ZDIF)
200 CONTINUE
RS=1-(SSE/SSTO)
SIG=SQRT (SSE/ (NT-2))
RETURN
END
C
C FIND SPRING CONSTANT FOR STRESS 
C
SUBROUTINE TORQ(ZDUM,TFAC)
C0MMCN/AUX1/ANG(2 0 ),TOR(2 0 ) ,INFN(200),N P(3 ,10) 
INTEGER*2 J,INFN,NP
j«o
10 J<T+1
IF(ZDUM.GT.ANG(J)) GO TO 10 
IF (J .E Q .l)  1=2 
ADIF=ANG (J)-ANG(J-l)
TDIF=T0R (J) -TOR ( J - l )
TDUM=(ZDUM-ANG(J-l) ) *TDIF/ADIF
TFAC=TOR(J-l) +TOUM
RETURN
END
C
C SHIFT DATA HORIZONTALLY
C
SUBROUTINE HSHIFT(NX,IASC,NT)
COMWN/GRAPH/IX (3500), IZ (3500)
INTEGER*2 IX,IZ,IASCfNX,MX,MY, I f M)IF,NT,NDUM
C
CALL ZLOCOO (MX,MY,MDUM)
NDIF=IABS(NX-MX)
IFXIASC.EQ.76) NDIF=-NDIF 
DO 100 1=1,NT 
IX(I)=IX(I)+NDIF 
100 CONTINUE 
RETURN 
END
C
C SHIFT DATA VERTICALLY 
C
SUBROUTINE VSHIFT(NY,IASC,NT)
CCM10N/GRAPH/IX (3500) ,  IZ (3500)
INTEGER*2 IX, IZ , IASC,NY,MX,MY,I,MDIF,NT,NDUM
C
CALL ZLOCOO (MX,MY,NXJM)
NDIF=IABS(NY-MY)
IF(IASC.EQ.85) NDIF—NDIF 
DO 100 1=1,NT 
IZ(I)=IZ(I)+N DIF 
100 CONTINUE
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RETURN
END
C
C FIND CROSS HAIR POSITION (VERTICAL AND HORIZONTAL) 
C
SUBROUTINE ZLOCHV(NF)
INTEGER*2 NX,NY,NF,I,IZ,IX,IASC 
COMMON/GRAPH/IX(3500), I Z (3500)
CALL ZLOCOO(NX,NY,IASC)
1=0 
240 1=1+1
IF(IZ(I).GE.NY) GO TO 240
IF(IX (I).LE.NX) GO TO 240
NF=I-1
RETURN
END
C
C FIND CROSS HAIR POSITION (VERTICAL)
C
SUBROUTINE ZLOCV(NF)
INTEGER*2 NX,NY,NF,I,IZ,IX,IASC 
COMMON/GRAPH/IX(3500)>IZ(3500)
CALL ZLOCOO(NX,NY,IASC)
1=0 
240 1=1+1
IF(IZ(I).G E.N Z) GO TO 240
NF=I-1
RETURN
END
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C* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c  *
C RESON.FOR *
C *
C THIS IS A FORTRAN PROGRAM TO REDUCE AND PLOT *
C RESONANT COLUMN DATA *
C *
C By SIBEL PAMUKCU *
C *
C L a te s t  r e v is io n  : F ebruary  1986 *
C *
C *
( ^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
C
COMMON/OUT/G(50),STA(50), DAMP (50 ),STAD(50),F(50)
CCM40N/DAT/T (50) ,10  (50) ,A l (50) f AID (50) ,AMP (50,50) 
C0MM0N/3RAPH/IX (1000) ,IY(1000) ,ISTA(50) ,IG(50) ,ID(50) 
COfWON/FlTT/XL (50) ,Y1 (50) ,X (1000) ,Y (1000)
REAL LEN ,JO ,Jl,JS
INTEGERS I ,  J ,  JLAST (50) ,H)AMP, NLAST, KFLAG 
INTEGER*2 MIS,NIMl, IX, IY, ISTA, IG, ID,N 
CHARACTER*10 DATIN,DAT0UT
character*i  CK
DATA PI,G 0, J0,ACF/3.1 4 1 5 9 2 ,9 8 0 .6 6 ,2 8 .4 4 ,2 8 ./
C
C GO IS ACCELERATION CF GRAVITY IN CM/SEC2
C JO IS POLAR MOMENT OF INERTIA OF THE DRIVING END IN Q4-CM-SEC2
C (FOR 3 .57 CM DIAM SPECIMEN, CHANGE JO TO 29.97 FOR 7 .11 CM DIAM)
C ACF IS ACCELERATION CALIBRATION FACTOR IN PK-MV/PK-G
C
C READ IN USER SUPPLIED DATA
C
CALL CLS 
WRITE(*,10)
10 FORMAT ( ' ENTER INPUT DATA FILE NAME —> ' , \ )
READ( * , ' (AlO)1) DATIN 
WRITE(*,15)
15 FORMAT ( ’ ENTER OUTPUT DATA FILE NAME ==> ' , \ )
READ( * , ’ (A lO )') DATOUT
OPEN(9,FILE=DATIN,STATUS='OLD')
READ(9,25) DATIN 
25 FORMAT(AlO)
READ(9,20) NLAST,DIAM,LEN,WW,WC,DEN 
20 F0RMAT(I5,5F10.5)
READ(9,22) NDAMP 
22 FORMAT(15)
READ(9,30) ( I ,T (I ) ,A 1  ( I ) ,1= 1 ,NLAST)
30 FORMAT(15 ,2F10.5)
IF (NDAMP. EQ.O) GO TO 70 
1=0 
50 1=1+1
‘■-■v
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READ (9,55) I,TO (I) ,A1D(I) ,JLAST(I) 
READ(9,65) (AMP(I,J) ,J=1,JLA ST(I)) 
IF(I.EQ.NDAMP) GO TO 70 
GO TO 50 
70 CONTINUE 
55 FORMAT(I5,2F10.5,I5)
65 FORMAT(5F5.2)
CLOSE(9 ,STATUS= 'KEEP1)
C
wc=wcaoo
VOL=PI*DIAM*DIAM*LEN/4 
J l=  (WW*DIAM*DIAM) /  (8 . *G0)
JS=J1 /J0  
B=SQRT (JS)
1=0 
80 1=1+1
A=JS-B*TAN(B)
B=B+A
IF(ABS(A) .LT.0.000001) GO TO 90 
GO TO 80 
90 CONTINUE
C2=DEN*( (2*PI*LEN/B) **2)
S2=3.68714* (DIAM/LEN)/ACF
C
DO 100 1=1,NLAST 
F ( I ) =1000/T ( I )
IF (F (I)  .L E .5 .0 ) A1 ( I ) =A1 ( I )*2.828 
G ( I ) =C2*F ( I ) *F ( I ) /98066. 
ST A (I)= S2*A 1(I)/(F (I)*F (I))
100 CONTINUE 
G1IN=G (NLAST)
S1M=STA(NLAST)
STAM=STA(1)
DO 101 1=1,NLAST 
IF(G (I) .LT.GMIN) GMIN=C(I)
IF(STA(I) .GT.STM) S1M=STA(I)
IF(STA(I).LT.STAM) STAM=STA(I)
101 CONTINUE
IF (NDAMP. EQ.O) GO TO 118
C
DO 110 1=1, NDAMP 
ED=1000/TO(I)
STAD (I)=S2*A1D (I)/(FD*FD)
AMPO=AMP(1,1)
DAMP(I)= 0.0  
MIS=0
DO 120 J=2,JLAST(I)
IF (AMP ( I ,  J ) .EQ.O.O) THEN 
MISsMIS+1 
GO TO 115 
ENDIF
DUM= (ALOG (AMPO/AMP ( I ,  J ) ) ) /(2 * P I*  ( J - l ) ) 
DAMP ( I ) =DAMP ( I ) +DCM
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115 CONTINUE 
120 CONTINUE
DAMP ( I ) = (DAMP ( I ) /  (JLAST ( I ) -  (1-WIS)) )  *100 
110 CONTINUE 
118 CONTINUE 
C 
C
C CURVE PITTING AND ESTIMATION OF GMAX 
C
DO 150 1=2,NLAST
Y1 (1—1)= (S T A (I)-S T A (l))/(G (I)-G (l))
X I(I—1 )=STA(I)
150 CONTINUE
NIKL=NLAST-1
CALL FIT(X1,Y1,1,NLM1,AA1,BB1,RS1,SIG1)
AFl=(AA1*AA1)/(AA1+BB1*STA(1))
BFl=(AA1*BB1) / ( AA1+BB1*STA(1))
0«X1=G (1 )-  (STA(1)/(AF1+HF1*STA(1)))
GG=GMAX1 
DO 152 1=1,NLAST 
IF(G (I) .GT.GG) GG=<3 (I)
152 CONTINUE
XIN3=0.000001 
1=1
X (1)=0.000001 
IF(STAM.LT.X (1)) THEN 
155 X (1)=X (1)A 0
XINC=X(1)
IF(STAM.LT.X(1)) GO TO 155 
ENDIF 
KFLAG=0
Y (l)=GMAXl+(X ( 1 ) / (AF1+BF1*X (1)))
160 1=1+1
X(I)=X(I-1)+XINC
Y (I )=GMAXl+ (X ( I ) / (AF1+BF1*X ( I ) ) )
IF(Y (I) .LT.O.O) THEN
1= 1-1 
KFLAG=1 
GO TO 162 
ENDIF
IF (X (I) .EQ. (10.*XINC)) XINC=XINC*10.
IF(Y (I) .LE. (0.85*GMIN) .OR.X (I) .GE. (2.0*S1M)) GO TO 162 
GO TO 160 
162 CONTINUE 
N=I
DO 164 1=1,N 
X(I)=ALOG10(X(I))
164 CONTINUE
XDIF=X(N)—X (1)
YDIF=Y(1)-Y(N)
IF(KFLAG.EQ.l) THEN 
XDIF=ALOG10 (STM) -AL0G10 (STAM) +0.5 
YDIF=OG-0.85*CMIN
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ENDIF 
CALL CLS
CALL LINE(50,215 ,6 2 0 ,2 1 5 ,3 ,-1 )
CALL LINE (5 0 ,3 0 ,5 0 ,2 1 5 ,3 ,-1 )
CALL DRAW(X,Y,1,N,1,XDIF,YDIF)
DO 170 1=1,NLAST 
DUM=ALOGlO(STA(I))
ISTA (I ) =50+NINT (550* (DUM-X (1) )/XDIF)
IG ( I ) =40+NINT (175* (Y (1) -G ( I ))  /YDIF)
CALL PSET(ISTA(I) ,IG (I)  ,2)
CALL CIRCLE (ISTA(I) ,IG (I)  , 5 , 4 , - l . , - l . , - l . , - l , - l )
170 CONTINUE 
XP=X(1)
1=0
172 1=1+1 
DUM=ABS(X(I)-XP)
IF(DUM.LE.0 .000001.OR.X(I).EQ.XP) THEN 
CALL L IN E (IX (I),208 ,IX ( I ) ,2 1 2 ,4 ,-1 )
XP=XP+1.
ENDIF
IF(I.EQ .N ) GO TO 173 
GO TO 172
173 CONTINUE 
XDUMl=lOO*(10**X (1))
XDUM2=100*(10**X(N))
WRITE(*,174) GMAX1,Y(N)
174 FORMAT( ' GMAX ==> ' ,F10.3,2X,'GLAST ==> ' ,F10.3)
WRITE(*,175) XDUMl,XDUM2
175 FORMAT( ' STl = >  ',G 1 5 .7 , ' % ',2 X , ' STN = >  ’ ,0 1 5 .7 , ' % ')
C
READ(*,' (A l) ')  CK
OPEN (9,FILE=DATOUT,STATUS*' NEW')
WRITE(9,122) DATOUT 
122 FORMAT(AlO)
WRlfa (9,124)
WRITE(9,130) ( I ,S T A (I) ,G (I ) ,1=1,NLAST)
130 FORMAT(I5,G15.7,F15.3)
WRITE(9,140)
IF  (NDAMP. EQ.O) GO TO 136 
WRITE(9,132)
WRITE(9,133) (I,STA D (I), DAMP(I),I=l,tDAMP)
136 CONTINUE
WRITE(9,135) GMAX1,RS1,100*SIG1 
135 FORMAT( / , '  ©ftX ==> ' , F 1 0 . 3 , / , '  RS ==> ’ ,F 1 0 .6 , / ,
&' DEVIATION = >  ',G 1 5 .7 , ' % ')
124 FORMAT ( / , '  STRAIN G (KPA) ')
132 FORMAT( / , '  STRAIN',4X,' DAMPING RATIO %')
133 F0RMAT(I5,G15.8,4X,G15.8)
140 FORMAT( / , '  *********************************************f/ )
STOP
END
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Q  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
SUBROUTING FIT(XX,ZZ,NB,NE,A,B,RS,SIG)
DIMENSION XX(1) rZZ(l)
INTEGERS NB,NE,NT,I
XS=0.0
ZS=O.0
XZS=0.0
XXS=0.0
ZZS=0.0
NT=NE-NB+1
DO 100 I=NB/ NE
XS=XS+XX(I)
ZS=ZS+ZZ(I)
XZS=XZS+(XX(I)*ZZ(I))
ZZS=ZZS+(ZZ(I)*ZZ(I))
XXS=XXS+(XX(I)*XX(I))
100 CONTINUE
A= ( (XZS*XS)-(ZS*XXS)) / ( (XS*XS)- (NT*XXS))
B= ( (ZS*XS)-(NT*XZS)) / (  (XS*XS)-(NT*XXS))
SSTO=ZZS-(ZS*ZS)/NT 
SSE=0.0 
DO 200 I=NB,NE 
ZHAT=A+B*XX(I)
ZDIF=ZZ(I )-ZHAT 
SSE=SSE+(ZDIF*ZDIF)
200 CONTINUE
RS=1.-(SSE/SSTO)
SIG=SQRT(SSE/ (NT-2))
RETURN
end
c
SUBROUTINE DRAW(XX,ZZ,IB,NE, ICOL,XG,ZG)
DIMENSION X X (l)fZZ(l)
OOMMCN/GRAEH/IX(1000) ,IY (1000) #ISTA(50) ,IG  (50) r ID (50) 
INTEGER*2 NB,NE,ICOL,NBPl,IX,IY,I, ISTA,IG,ID 
NBP1=NB+1 
DO 100 I=NB,NE
IX ( I )=50+NINT(550*(XX(I)-XX(1))/KG)
IY (I) =40+NINT (175*(ZZ(1)-ZZ(I) )/ZG)
100 CONTINUE
DO 200 I=NBPl,NE
CALL LINE(IX(1 -1 ) ,IY (1 -1 ) ,IX (I) ,IY (I) ,IC 0 L ,-1 )
200 CONTINUE 
RETURN 
END
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APPENDIX C
EXPERIMENTAL CURVES
CONSOLIDATION DATA AND FITTED MODEL
Cv DATA
•)
TYPICAL PORE WATER PRESSURE DISSIPATION CURVES 
TYPICAL VOLUME CHANGE CURVES 
MOTOR SPEED VERSUS ANGULAR ROTATION VARIATION 
LOAD-SPRING CALIBRATION CURVES
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VITA
D a te  o f  B i r t h  
1974 -  1978
1979 -  1981
: F e b r u a r y  1 0 ,  1956 A r t v i n ,  T u rk e y
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